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PREFACE 

Advanced  Composite  Army  Assault  Bridge  Development  Through 
Subcomponent  Testing,  Contract  Number  DAAG53-76-C-0175,  was 
carried  out  by  the  Convair  Division  of  General  Dynamics  Corporation 
under  the  sponsorship  of  the  U.  S.  Army  Mobility  Equipment  Research 
and  Development  Command,  Fort  Belvoir,  Virginia.  The  Contracting 
Officer's  Technical  Representative  was  Mr.  William  R.  Sutton,  Jr. , 
Bridge  and  Structures  Division,  Marine  and  Bridge  Laboratory  — 
DRXFB-MD,  Telephone  (703)  664-5176. 

This  report  is  the  final  report  summarizing  the  entire  program  from 
June  1976  through  March  1977.  It  is  intended  to  fulfill  the  require- 
ments of  Form  DD  1423,  Sequence  Number  A009  and  Data  Item 
Description  No.  DI-S-1800  with  addendum. 

This  work  was  performed  by  the  Composite  Structures  Group  of 
General  Dynamics  Convair  Division,  San  Diego,  California.  This 
group  is  under  the  direction  of  Mr.  D.  R.  Dunbar,  within  the  organiza- 
tion of  Mr.  J.  D.  Forest,  Director  of  Structures  and  Design.  The 
Convair  program  manager  was  Mr.  F.  H.  L. 

The  following  Convair  personnel  made  sigi^u  -it  contributions  to  the 
program: 


Mr.  R.  S.  Wilson 
Mrs.  A.  Tanke 
Mr.  J.  E.  Burgeson 
Mr.  L.  M.  Moore 
Mr.  P.  T.  Kaneyuki 
Mr.  R.  C.  Christopher 
Mr.  J.  S.  Comber 
Mr.  G.  L.  Olson 
Mr.  J.  Hertz 
Mr.  C.  R.  Maikish 
Mr.  N.  R.  Adsit 
Mr.  R.  W.  Gilbert 
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The  following  reference  material  was  used  in  the  execution  of  this 
program. 
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SUMMARY 

The  basic  purpose  of  this  program  was  to  demonstrate  that  advanced  composite 
materials  can  be  applied  to  the  main  load  carrying  elements  of  an  armored  vehicle 
launched  assault  bridge  with  a significant  saving  in  weight  over  metallic  structural 
materials. 

The  study  was  carried  out  in  three  major  segments:  1.  A conceptual  design  and 
analysis  concentrating  on  the  shear  panels;  2.  A subelement  test  program  to 
develop  basic  laminate  and  joint  allowables  to  aid  in  design  and  analysis  of  critical 
portions  of  the  bridge;  also  a test  of  two  full  scale  composite  test  articles  represent- 
ing the  critical  joint  areas  in  the  selected  concept;  and  3.  Design  of  a three  meter 
lightweight  bridge  test  section  applying  the  results  of  1 and  2 above. 


Basic  analysis  methods  and  assumptions  regarding  boundary  conditions  and  stress 
concentration  factors  used  in  stability  and  strength  analyses  were  verified  by  the 
structural  test  program.  The  final  design  resulted  in  a composite  AVLB  test  section 
weighing  125. 7 Kilograms /meter  including  the  upper  deck  and  all  fittings.  This 
indicates  significant  weight  savings  over  a comparable  design  in  aluminum. 
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INTRODUCTION 


The  purpose  of  this  program  was  to  investigate  the  application  of  advanced  composite 
materials  to  Army  assault  bridge  structures.  Advanced,  fiber  reinforced  composite 
materials  have  undergone  considerable  development  over  the  past  ten  years  and  are 
seeing  more  widespread  usage  every  year.  The  original  emphasis  was  placed  on 
development  of  high  performance  aerospace  hardware  where  high  material  costs  could 
be  justified  or  tolerated.  Now,  the  rapidly  advancing  rate  of  the  art  in  advanced 
composite  structures  coupled  with  the  recent  dramatic  reductions  in  raw  material 
costs  has  made  it  economical  to  use  these  "space-age"  materials  in  a number  of 
industrial  areas.  Weight  reductions  approaching  40  percent  have  been  achieved  in 
the  past  for  entire  wing  structures  through  the  use  of  advanced  composite  materials. 
This  potential  weight  reduction  and  improved  performance  attainable  through  the 
application  of  advanced  composite  materials  to  bridging  structures  will  help 
MERADCOM  meet  its  technical  objectives  of  the  1980s:  increased  span,  reduced 
construction  time,  and  commonality  of  structural  components. 


The  specific  objective  of  this  program  was  to  develop  the  design  oi  a 3-meter 
composite  test  section  (CTS)  which  could  constitute  the  center  section  of  a 22-meter 
armored  vehicle  launched  bridge  (AVLB).  The  CTS  was  to  be  designed  to  mate  with 
existing  aluminum  AVLB  ramp  sections  and  be  capable  of  surviving  15, 000  military 
load  class  60  vehicle  crossings. 


The  program  was  divided  into  three  major  tasks  or  phases;  (1)  Conceptual  Design; 

(2)  Subcomponent  Design,  Fabrication,  and  Testing;  and  (3)  Composite  Test  Section 
Design.  In  the  conceptual  design  phase  of  the  program,  three  composite  bridge  design 
concepts  were  generated.  The  basic  difference  between  these  concepts  was  in  the 
shear  panel  construction,  i.  e. , Concept  1 — Beaded  Shear  Panel;  Concept  2 — 
Sandwich  Shear  Panel;  Concept  3 — Corrugated  Shear  Panel.  These  design  concepts 
were  then  evaluated  on  the  basis  of  cost,  weight  and  producibility.  At  the  end  of  this 
phase,  one  concept  was  selected  for  further  development  and  application  to  the 
composite  Test  Section. 


During  the  development  article  design  phase,  the  selected  design  concept  was  refined 
and  detail  design  of  the  critical  areas  performed.  Two  full  scale  subcomponents 
were  designed,  fabricated  and  tested  to  evaluate  the  performance  of  the  critical 
elements  of  the  structure.  Following  successful  completion  of  the  testing,  the  compos- 
ite test  section  design  was  finalized.  A manufacturing  and  cost  analysis  of  the  test 
section  was  performed  to  develop  a manufacturing  sequence  and  flow  plan  and  identify 
associated  fabrication  costs. 


The  chapters  that  follow  discuss  the  program  accomplishments  in  greater  detail. 
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CONCEPT  STUDY 

The  objective  of  the  concept  study  task  was  to  generate  several  composite  design 
concepts  that  could  be  applied  to  the  substructure  of  the  3-meter  composite  AVLB 
test  section  to  be  detail  designed  later  in  the  program.  One  of  these  concepts  would 
be  selected  for  application  to  the  test  section  based  on  cost,  weight,  producibility, 
and  reliability  assessments. 

2. 1 CONCEPT  DESIGN 

The  bridge  design  concepts  all  have  basically  the  same  "W"  cross-section  (see 
Figure  2.1).  An  extruded  aluminum  upper  deck  and  graphite/epoxy  lower  tension  cap 
were  baseline  for  all  concepts.  The  major  differences  between  the  concepts  were 
in  their  shear  panel  construction: 

Concept  1 - Beaded  Shear  Panel 
Concept  2 - Sandwich  Shear  Panel 
Concept  3 - Corrugated  Shear  Panel 

Primary  emphasis  was  placed  on  conceptual  design  of  the  shear  panels  since  they 
were  the  largest  composite  members  and  they  represent  a major  portion  of  the  test 
section  weight  and  cost.  The  tension  fittings,  end  bulkheads,  and  lower  deck  were 
considered  identical  for  all  concepts  and  their  details  were  not  addressed. 


2. 1. 1 DESIGN  REQUIREMENTS.  The  composite  AVLB  test  section  design  must 
comply  with  a number  of  dimensional,  structural,  and  damage  tolerance  require- 
ments. The  test  section  constitutes  the  center  3-meter  section  for  one  treadway 
of  a total  bridge  span  of  approximately  22  meters.  It  is  required  to  mate  with  exist- 
ing ramp  sections  according  to  MERADCOM  Drawing  No.  13216E8001.  The  primary 
interface  between  the  test  section  and  the  ramp  is  the  pinned  connection  of  the  two 
lower  tension  caps.  Secondarily,  the  upper  deck  of  the  test  section  must  align  with 
and  bear  against  the  upper  deck  of  the  ramp  sections  in  order  to  transmit  deck 
compression  loads. 

The  composite  test  section  must  be  designed  to  survive  15,  000  military  load  class 
(MLC)  60  vehicle  crossings.  The  applied  loads,  factors  of  safety,  and  deflection 
limits  are  as  specified  in  the  "Trilateral  Design  and  Test  Code  for  Military  Bridging 
and  Gap  Crossing  Equipment. " The  design  thermal  environment  is  from  -65  to  160F. 
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Figure  2. 1.  Composite  Bridge  Cross-Section 

The  composite  test  section  must  be  capable  of  sustaining  1. 5 times  the  design  loads 
after  penetration  by  a 50-caliber  projectile.  This  ballistic  damage  is  considered  to 
be  the  maximum  survivable  threat  encountered  by  the  A VLB  on  an  assault  mission. 

2. 1.2  COMPOSITE  MATERIALS.  As  part  of  the  conceptual  design  task,  a survey  of 
available  composite  material  systems  was  made  in  an  effort  to  identify  systems  that 
could  significantly  reduce  bridge  manufacturing  costs.  Price  quotes  were  obtained 
for  various  low  cost  Kevlar/epoxy  and  graphite/ epoxy  systems  in  both  unidirectional 
tape  and  fabric  forms.  Although  graphite/epoxy  fabrics  offered  significant  reductions 
in  handling  and  layup  costs  over  unidirectional  tape  material,  the  substantially  higher 
material  cost  greatly  reduced  or  eliminated  the  labor  cost  savings.  This  was  not 
true,  however,  for  Kevlar /epoxy  systems  where  the  fabric  material  was  available  at 
lower  cost  per  pound  than  the  unidirectional  tapes.  The  Kevlar/epoxy  fabrics  offered 
the  advantage  of  being  the  lowest  cost  advanced  composite  material  system  available 
with  minimum  layup  time.  It  must  be  noted,  however,  that  Kevlar /epoxy  material 
properties  in  shear  and  compression  are  somewhat  lower  than  those  of  G/E  so  that 
greater  thicknesses  would  be  required.  This  weight  penalty  would  be  partially  offset 
by  Kevlar /epoxy's  15  percent  lower  density.  Kevlar/epoxy  fabric  material  was 
proposed  for  use  in  the  composite  test  section  shear  webs.  The  lower  tension  caps 
were  designed  in  graphite/epoxy  to  take  advantage  of  its  higher  stiffness  and  bearing 
strength. 
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2.1.5  CONCEPT  NO.  3 


bridge  concept,  illustrated  in  Figure  2.4,  has  a substructure  consisting  of  two  "V" 
shaped  composite  beams.  Each  of  these  beams  is  comprised  of  two  sandwich  shear 
panels  attached  to  a graphite/epoxy  tension  cap.  The  shear  panels  consist  of  two 
. 080-inch  thick  Kevlar/epoxy  facings  cocured  and  adhesively  bonded  to  a 1. 25-inch 
thick  fiberglass  reinforced  phenolic  honeycomb  core.  The  sandwich  facings  encapsu- 
late the  graphite/epoxy  tension  cap  at  the  apex  of  the  "V"  section.  Extra  plies  are 
added  for  reinforcement  of  the  panel  edges  where  they  join  to  the  upper  deck  flange 
and  the  tension  cap.  Also,  the  honeycomb  core  cells  along  the  panel  edges  are  filled 
with  potting  compound  for  added  strength. 


CORRUGATED  SHEAR  PANE  L.  The  corrugated  shear 
concept,  illustrated  in  Figure  2.5,  consists  of  four  separate  corrugated  shear  panels 
mechanically  fastened  to  the  upper  deck  and  lower  tension  cap  members.  A cross- 
section  through  the  corrugated  panel  is  presented  in  Figure  2.6.  This  particular 
configuration  yields  a material  wrap  factor  of  approximately  1. 15.  The  caps  of  the 
corrugations  are  attached  to  the  upper  deck  extrusion  and  lower  cap  members  using 
Industrial  huckbolt  fasteners.  The  corrugations  will  be  potted  locally  at  the  upper  and 
lower  edges  to  stabilize  the  diagonal  webs. 

2-3 


Typical  properties  for  these  material  systems  are  presented  in  Table  2-1. 


Table  2-1.  Kevlar/Epoxy  Fabric  Material  Properties 


Property 


Direction 


45°  Direction 


Tensile  Strength,  psi 

73, 000 

30, 000 

Tensile  Modulus,  psi 

4. 0 x 106 

1. 1 x 101 

Compression  Strength,  psi 

21,000 

9,750 

Shear  Strength,  psi 

— 

32,000 

Shear  Modulus,  psi 

0. 3 x 106 

3.  Ox  101 

2. 1.3  CONCEPT  NO.  1 — BEADED  SHEAR  PANEL.  The  beaded  shear  panel  bridge 
concept,  illustrated  in  Figure  2.2,  has  four  diagonal  Kevlar/epoxy  shear  panels 
extending  between  the  upper  deck  and  the  lower  tension  caps.  The  panels  are  stiffen- 
ed by  integral  beads  (see  Figure  2.3)  running  in  the  vertical  direction.  Extra  plies 
are  added  for  reinforcement  along  the  panel  edges  where  they  join  the  upper  deck  and 
lower  tension  caps.  The  four  shear  panels  are  laid  up  on  a "W"  shaped  tool  along 
with  the  tension  caps  and  the  entire  assembly  is  cured  into  a one-piece  substructure. 
The  graphite/epoxy  tension  caps  are  encapsulated  by  Kevlar/epoxy  cloth  from  the 
shear  panels,  thus  eliminating  mechanical  fasteners  at  the  lower  cap  to  shear  panel 
joints.  The  beads  are  cut  and  formed  separately  and  then  positioned  over  cutouts  in 
the  flat  panel  layup. 


SANDWICH  SHEAR  PANEL.  The  sandwich  shear  panel 
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Figure  2.4.  Cross-Section  Through  Sandwich  Shear  Panel  Bridge  Concept 
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Figure  2. 5.  Cross-Section  Through  Corrugated  Shear 
Panel  Bridge  Concept 
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Figure  2.6.  Cross-Section  Through  Typical  Corrugations 


This  concept  assumes  integrally  extruded  flanges  on  the  upper  deck  for  production, 
although  welded  channels  would  be  used  for  the  prototype  test  section.  The  lower 
tension  member  consists  of  a graphite/epoxy  cap  bonded  to  the  two  aluminum  channels. 

2. 1. 6 CONCEPT  MASS  PROPERTIES.  The  basic  section  weights  for  each  concept 
are  broken  down  as  follows: 


c~ 

Item 

Weight 

- Kilograms/Meter 

Concept  1 

Concept  2 

Concept  3 

Upper  Deck 

43.57 

47.86 

47.86 

Tension  Cap 

13.93 

13.93 

13.93 

Lower  Panel 

4.64 

4.64 

4.64 

Shear  Panels 

32.68 

41.97 

34.82 

Total 

94.82 

108.40 

101.25 

These  figures  do  not  include  the  end  fitting  or  bulkhead  weights. 

2 . 2 CONCEPT  STRUCTURAL  ANALYSIS 

The  objective  of  this  analysis  is  to  show  that  each  of  the  candidate  shear  web  concepts 
satisfies  the  structural  design  criteria.  The  analysis  is  made  for  the  peak  shear  and 
transverse  compression  loads  found  in  the  preliminary  analysis  as  presented  in  Ref.  1. 
Mechanical  properties  for  the  Kevlar/epoxy  material  considered  are  taken  from  the 
Dupont  Kevlar  data  manual. 


Procedure 

The  required  web  thickness  is  established  on  the  basis  of  ultimate  strength  considering 
ballistic  damage  due  to  penetration  of  a 0. 5-inch  diameter  projectile.  Hence,  with 
this  thickness  each  design  concept  is  analyzed  for  stability. 
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Design  Loads  for  Shear  Webs,  Ref.  1 
Two  conditions  were  considered  as  follows: 

1.  60T  Tank 

Transverse  compression  (w/)  = 334  lb/in 
Max  Shear  3 11,834  1b. 

N = 11  Li"  = 382  lb/in 
xy  31 

2.  Maximum  Single  Wheel  Load 
w'  * 492.2  lb/in 

Kevlar  Epoxy  Shear  Panels 
Material  Properties 


For  this  preliminary  study  a pseudoisotropic  (0/±45/90)s  laminate  made  from  8 plies 
of  in*i<inf»arf  weave  Kevlar/epoxy  fabric  is  considered.  The  lamina  properties  from  the 
Kevlar  materials  manual  are  as  follows: 


Warp  (0°)  direction 

F.  = 73,000  psi 
6 

Em  = 4. Ox  10  psi 
T 

Fc  2“  1,5  Fc  2=21, 000  psi 
G = 0. 30  x 106  psi 


45°  Direction 

F.  = 30, 000  psi 

411  6 
E = 1. 1 x 10  psi 
T 

F = 1.5  F = 9,750  psi 

^ °.2 

F = 32,000  psi 
su 

6 

G = 3. Ox  10  psi 


Conservative  strength  properties  for  the  (0/±45/90)s  laminate,  based  on  the  assumption 

the  axial  (0/90)  plies  carry  all  axial  loads  and  the  ±45°  fibers  carry  all  the  shear  loads, 

are  used  in  the  following  analysis.  In  addition  for  shear  buckling  a cutoff  stress  equal 

50%  of  F is  used, 
cu 

Therefore  the  laminate  properties  are 


F = 73,000  x .5  = 36,500  psi 

tu 
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F - 21, 000 x. 5 - 10,500psi 

cu 

F - F * 10,500  psi 
su  ou 

The  elastic  properties  as  determined  by  laminate  analysis  are: 

E = 2. 9 x 106 

X 6 
E = 2.0X10 

y 

V ■ .31 

G = 1. 1 x 106 

Ballistic  Damage  Analysis 

Ballistic  damage  due  to  penetration  by  a 0. 5-inch  diameter  projectile  is  considered 
for  preliminary  evaluation.  The  local  damage  is  represented  by  theoretical  elastic 
stress  concentration  factors  of  4 for  shear  loading  and  3 for  axial  loading.  These 
theoretical  values  are  conservative;  actual  tests  show  values  about  half  of  those  used 
here. 


Maximum  Shear  Condition 

Assuming  all  the  shear  in  the  laminate  is  carried  by  this  ±45°  plies  (or  50% 
of  the  total  laminate  thickness) 

S = 11,834  1b.  Ref.  1 
S 11,834 


T = ht  31  x .16 


2386  psi 


Maximum  Shear  in  ±45°  Plies  at  Damage  Location 
* 2 Kt  = 2386  x 2 x 4 = 19. 088  psi 

Shear  Strength  of  x45°  Kevlar  Epoxy  = 32,000  psi 

-1  = +.  12 


32,000 


19088  x 1. 5 
B.  Maximum  Transverse  Compression 

Assuming  the  0*-90°  plies  carry  all  axial  load 

w'  max  * 492.2  lb/in  Ref.  1 
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Then 


a 


max 


482.2  x 2 
.16 


x 3 


18,457  psi 


F = 25, 000  psi 
cu 


M.S. 


25, 000 
18, 457  x 1.5 


-.  10 


Since  the  ±45*  fibers  will  carry  more  than  10%  of  the  load,  this  M.  S.  is  considered 
satisfactory. 

2.2.1  CONCEPT  NO.  1 BEADED  WEB  ANALYSIS.  Buckling  of  flat  panel  between 


The  panel  is  analyzed  for  combined  shear  and  compression  from  Case  1 and  for  the 
maximum  compression  load  from  Case  2.  Buckling  equations  for  a homogeneous 
isotropic  material  are  sufficiently  accurate  for  this  preliminary  evaluation. 


Shear  Buckling 


K/E  M2 

12(1-1^)  \b/ 


2 6 
5.8  x 2.9  x 10 

.2 


12(1-.  31  ) 

Use  cutoff  stress  = 10, 500  psi 


For  simply  supported  edges  and 

and  a/b  = =6.2 

5 

K =5.8 
s 

15,672  psi 


Compression  Buckling 


a 

cr 


2 2 
VE  (i) 
12,1-x2,  w 


l or  simply  supported  edges 

K =4.0 
c 
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Column  Buckling 

For  the  section  shown 

A = 1.459 

y = .483 

I * .384 


Jl 

T'- 


Column  buckling  load 


P 

c 


12,221  lb. 


Applied  Load  = 7. 5 w = 7.5  x 492.2 

= 3691  lb 


M.S. 


12,221 

3691 


+2.3 


2.2.2  CONCEPT  NO.  2;  HONEYCOMB  SANDWICH  PANEL  ANALYSIS.  The 
honeycomb  sandwich  considered  is  comprised  of  two  . 08  pseudoisotropic  Kevlar/ epoxy 
facesheets  on  a 1.25-inch  thick  HRP  - 3/16  - 5.5  core. 


Shear  Buckling  Analysis 
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cr 


2x4  /l.33\  2. 9 x 

~ ll -)*  — 


10 


(1-.312) 


= 58,536  psi 


Use  F 


cr 


F = F 10, 500  psi 
su  cu 


N 


Applied  shear  stress 


xy  = 382 


2t 


.16 


2388  psi 


10, 500 

M.S.  (shear)  = — 8g  -1  = +3.39 


Compression  Buckling  Analysis 


cr 


rr  K / h \ ‘2 

4 \b 


, 2 
(1-v  ) 


For  r 


31 


118.1 


= .26 


H IM.  1 


rr  n 7“7_i 


— 4 


Jl 

a 

T 


and  V 


2 

ff  t et 
c 


I* 


2(l-l/2  )b2G 


mm? 


6 


~T* 


it  x 1.25  x 2. 9 x 10  x .08 


2(1-.312)x  118.  12x  19500 


= .0058 


cr 


2 / \2  2 
ff  x 14  / 1.33  \ 2.9  x 10 

4 \118-V  (1-.312, 


14055  psi 


Use  F 


cr 


F * 10500  psi 
cu 


For  Case  #2  Loading 


w 


492.2  lb/in 


. 492.2 

* = -TT-  « 3076  psi 


„ „ 10500  , 

M.  S.  — “1  = +2.41 
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For  Case  #1  Loading 


334  lb/in 


N = 382  lb/in 

xy 


334  382 

f = ^ = 2088  psi,  f = — f = 2388  psi 

c .16  s . 16 


2088  „ 2388 

10500  ‘20,  Rs  10500 


The  margin  of  safety  for  combined  compression  and  shear  is  given  by 


-1  = 


-1  = +2.95 


R +R 
c s 


.20  + .23 


2.2.3  CONCEPT  NO.  3:  CORRUGATED  WEB  ANALYSIS. 

Shear  Buckling  Analysis 

The  shear  buckling  analysis  for  this  design  is  based  on  the  method  given  in  NASA 
TN  D-242 


The  equivalent  flat  plate  thickness  (t) 


A _ . 16(2.  0 x 2 + 1.  84  x 2/cos  45° 


2 x 2 + 2 x 1. 84 


= . 192  in 


Bending  stiffness  of  web 


o S?  . .16*  2.9X  106*.163  . 32i.slnlb 

« 1 4 A 1 Art  . . i rt 


1 t 12 


. 192  x 12 
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Bending  stiffness  of  corrugation 


= d2  = P2.t-P 


P = radius  of  gyration 


6 2 
= 2. 9 x 10  . 192  x . 7476 


= 311, 194  in  lb 


4\fD  D. 
X 6 


x 8 = 2351. 3 lb/in 


= . 7476  in 


cr  2351.3 


= 14695  psi 


Use  cutoff  = 10500  psi 


Applied  shear  stress 


xy  382 


2388  psi 


M.S.  = 


10500 


-1  = +3.4 


ression  Buckling  Analysis 


Plate  Buckling 


The  webs  at  45°  are  critical 


= V2  ' 1.84  = 2.60  in 


2 2 

K tr  F / \ 2 6 

c c / 1 \ 4.0xff  x 2.9x10 


12(1-. 31  ) 


12(l-y2)  \b 


39971  psi 


Applied  stress 


492.2  492.2 


= 2564  psi 


M.S.  plate  buckling  = ■■■  -1  = +1.73 

^564  X 1#  5 
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Column  Buckling 

Consider  a single  corrugation  (width  = 7.7  in) 

Applied  Load  - 492.2  x 7. 7 = 3790  lb 

The  critical  column  load  based  on  Johnston's  second  degree  parabolic  equation  is 
given  by 


F (l/p)2' 
. c 

= 10500 

10500(31/.  7476)2 

1 " 2 

* “ 2 6 

4 n f 

4 TT  x 2.  9 X 10 

c 

L»  J 

= 8844  psi 


M.S.  = 


8844 


3790 x 1.5 


-1  = +0.56 


2.3  CONCEPT  MANUFACTURING  COST  ANALYSIS 

The  manufacturing  cost  analysis  performed  was  intended  to  show  up  differences 
in  manufacturing  cost  among  the  bridge  concepts  analyzed.  Since  this  analysis  was  not 
intended  to  predict  actual  total  dollar  costs  of  the  bridge  sections,  features  that  were 
common  to  all  concepts  were  not  considered  in  the  analysis. 

2.3. 1 GROUNDRULES  AND  ASSUMPTIONS.  The  following  groundrules  and  assump- 
tions were  established  for  this  cost  analysis: 

1.  Production  bridge  sections  were  assumed  to  be  7 meters  in  length. 

2.  Steel  tension  fittings,  end  bulkheads,  fasteners,  lower  panels,  precured  G/E 
tension  caps,  and  upper  deck  extrusion  were  assumed  identical  for  all  concepts 
and  thus  eliminated  from  the  estimates. 

3.  Total  production  run  assumed  was  1000  units  produced  over  5 years  (1980-1985). 
Assume  rate  tooling  was  not  required  to  meet  production  schedule. 

4.  All  costs  were  expressed  in  1976  dollars  and  at  1976  prices  unless  otherwise 
stated. 

5.  The  factory  labor  rate  was  assumed  to  be  $2 5/hour. 

6.  The  average  cost  assumed  for  large  quantities  of  Kevlar/epoxy  cloth  prepreg 
in  the  1980-1985  time  period  was  $6/pound. 
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2.3.2  CONCEPT  NO.  1 MANUFACTURING  COSTS.  The  manufacturing  sequence  and 
flow  chart  for  Concept  No.  1 substructure  is  presented  in  Figure  2-7.  The  shear 
panels,  preformed  beads,  and  buildup  are  all  laid  up  using  a basic  2-ply  Kevlar/epoxy 
cloth  modiile  with  filaments  aligned  at  ±45- degrees.  The  2-ply  modules  and  preformed 
beads  will  be  transferred  to  a curing  tool  in  a predetermined  sequence  with  precured 
pretrimmed  G/E  lower  caps.  This  assembly  will  be  cured  under  vacuum,  heat  and 
external  autoclave  pressures. 


The  shesr  panel  assembly  will  then  be  assembled  with  the  lower  panel  and  the  extruded 
aluminum  upper  deck. 


2.3.2. 1 Tooling  Costs.  The  tools  required  to  fabricate  Concept  No.  1 substructure 
are  listed  in  Table  2-2  with  their  estimated  costs.  The  total  tooling  costs  for  this 
concept  is  $104, 567  or  $105/unit  for  1000  units. 


2. 3. 2. 2  Raw  Material  Costs.  Raw  material  costs  for  Concept  No.  1 substructure 
are  listed  in  Table  2-3.  Kevlar/epoxy  cloth  is  the  only  material  required  to  build  the 
shear  panels  for  this  concept.  A material  usage  factor  of  1. 80  was  used  in  estimating 
the  required  quantities  of  composite  prepreg 


2. 3. 2. 3  Fabrication  Labor  Costs.  The  estimated  fabrication  labor  hours  for  Concept 
No.  1 are  broken  down  as  follows: 


Manhours 


Layup  flat  panel  modules 

40-inch  x 270-inch  x 4- ply  layup 
Precompact 

Cut  65  slots  2-inch  x 25  inches 
Total  per  module 
Total  x 8 modules 

Layup  bead  module 

27-inch  x 195-inch  x 8-ply  layup 
Blank  out  bead  flat  patterns 
Preform  beads 
Total  per  panel 
Total  x 4 panels 

Layup  edge  buildups 

a.  Outside  edge  buildups 

66-inch  x 270-inch  x 2-ply  layup 

Precompact 

Cut  into  12  strips 
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Figure  2-7.  Manufacturing  Sequence  and  Flow  - Concept  No.  1 (Beaded  Panel) 
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Table  2-2.  Concept  No.  1 Tooling 


Abbreviation 

Tool  Description 

Cost 

Labor 

Material 

PDMO 

Flat  Plate  for  Preply  and  Cure 

32  hrs 

$ 890 

DKD1 

Bead  Flat  Pattern 

12 

44 

MKTP 

Bead  Cleamace  Pattern 

12 

44 

PDMO 

Preform.  Beads 

62 

210 

TOAC  (16) 

Trim  Flange  Buildup  Pattern 

208 

724 

PDMO 

Beaded  Panel  Configuration 

1000 

3942 

TOAC 

Rubber  Vacuum  Bag 

375 

1044 

TOAC 

Water  Jet  Trim  Pattern 

180 

522 

ASFX 

Final  Assembly  Bridge 

1560 

4176 

MAID 

Transfer  Skin  Modules  to  PDMO 

250 

696 

Total  Cost  (1000  units) 

3691 

$12292 

Cost  per  Unit 

3.69 

$12.3 

Table  2-3.  Concept  No.  1 Materials  Costs 


Kevlar /epoxy  cloth  ($6 /lb) 


Item  Dry  Wt.  (lb) 


Flat  Panels 
Beads 

Edge  Buildups 


Prepreg  Wt.  (lb)  Cost 


$3738 

906 

720 


$5364 


Task 

b.  Center  buildup 

57-inch  x 270-inch  x 3-ply  layup 
Precompact 
Cut  into  6 strips 
Total 

Assemble  and  cure  substructure 

Layup  40-inch  x 270-inch  x 4-ply  skins  on  PDMO 

Place  beads  on  PDMO 

Lay  40-inch  x 270-inch  x 4-ply  on  PDMO 

Layup  outside  edge  buildups 

Layup  center  buildup 

Bag 

Cure 

Total 


Manhours 
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Task  Manhours 

5.  Assemble  Substructure  to  upper  deck 

Drill  195  holes  24 

Install  195  fasteners  24 

Total  48 


The  total  estimated  fabrication  labor  for  the  prototype  shear  panel  substructure  is 
926  manhours  or  $23, 150.  The  average  fabrication  labor  cost  per  unit  for  1000  units 
is  239  manhours  or  $5975. 

2. 3. 2. 4 Total  Manufacturing  Costs.  The  average  manufacturing  cost  for  the  beaded 
shear  panel  substructure,  not  including  upper  deck,  end  bulkheads,  lower  panel, 
tension  caps  and  fittings,  is  itemized  as  follows: 


Tooling  $ 105 

Raw  Materials  5,364 

Fabrication  Labor  5,975 

Total  $11,444 


2. 3. 3 CONCEPT  NO.  2 MANUFACTURING  COSTS.  - The  manufacturing  sequence  and 
flow  chart  for  Concept  No.  2 substructure  is  presented  in  Figure  2-8.  The  Concept 
No.  2 sandwich  consists  of  upper  and  lower  Kevlar/epoxy  cloth  facings  cocured  and 
bonded  to  a prespliced,  precleaned,  and  prepotted  HRP  honeycomb  core.  The  sand- 
wich structure  will  be  prefitted  and  back  drilled  through  the  extruded  deck  and  then 
mechanically  fastened  to  the  deck. 

2.3.3. 1 Tooling  Costs.  The  tools  required  to  fabricate  Concept  No.  2 substructure 
are  listed  in  Table  2-4  with  their  estimated  costs.  The  total  tooling  cost  for  this 
concept  is  $90, 192  or  $90/unit  for  1000  units. 

2. 3. 3. 2 Raw  Material  Costs.  Raw  material  costs  for  Concept  No.  2 substructure 
fabrication  are  listed  in  Table  2-5.  A Kevlar/epoxy  material  usage  factor  of  1. 50 
was  used  for  this  concept  since  very  little  trim  loss  is  expected. 

2. 3. 3. 3 Fabrication  Labor  Costs.  The  estimated  fhbrication  labor  hours  for  Concept 
No.  2 substructure  are  broken  down  as  follows: 

Task  Manhours 

1.  Cut  buildup  strips 

36  pieces  270  inches  long  x 2-16  inches  wide  18 
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Table  2-4.  Concept  No.  2 Tooling  Costs 


Abbreviation 

Tool  Description 

Cost 

Labor 

Material 

PDMO 

Flat  Plate  for  Preply 

32  hrs 

$ 890 

PDMO 

Upper  and  Lower  Skin 

96 

250 

TOLO 

Mylar  for  Core  Perim  and  Prepot 

32 

835 

PDMO 

Final  Panel  Configuration 

800 

2245 

TRSH 

Final  Perim  Trim 

480 

1670 

DRSH 

Deck  Attach  HL  Pattern 

180 

626 

ASFX 

Final  Assemble  Bridge 

1560 

4176 

Total  Cost 

3180 

$10692 

Cost  per  Unit 

3.18 

$10.70 

Table  2-5.  Concept  No.  2 Raw  Material  Costs 


Item 

Dry  Wt.  (lb) 

Prepreg  Wt.  (lb) 

Cost($) 

1. 

Kevlar/epoxy  cloth  ($6/lb) 

Sandwich  facings 

432 

648 

$3888 

Edge  buildups 

66 

99 

594 

498 

747 

$4482 

2. 

Honeycomb  core  ($10/sqft 

250  ft2 

2500 

3. 

Potting  compound  (10/gal) 

5 gal 

50 

4. 

Adhesive  ($3. 50/sq  ft) 

500  ft2 

1750 

Total  Material  Cost 

$8782 

Task  Manhours 

2.  Prepare  honeycomb 

Trim  honeycomb  to  34  inches  x 264  Inches  64 

Apply  potting  compound  80 

Clean  up  potting  area  16 

Total  160 

3.  Sandwich  assembly 

Place  bleeder  on  PDMO  18 

Place  9 buildup  strips  on  PDMO  4. 5 
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Task 

Lay  up  skin  - 5 ply 

Lay  adhesive  on  skin 

Place  honeycomb  on  adhesive 

Add  adhesive  to  honeycomb 

Lay  skin  on  adhesive  - 5 ply 

Place  9 buildup  strips  on  skin 

Add  bleeder 

Bag 

Cure 

Remove  from  PDMO 

Total  (one  assembly) 

Total  (two  assemblies) 

4.  Assemble  substructure  to  upper  deck 


Drill  260  holes 

26 

Install  260  fasteners 

26 

Total 

52 

The  total  estimated  fabrication  labor  cost  for  the  prototype  sandwich  substructure 
is  672  manhours  or  $16, 800.  The  average  fabrication  labor  cost  per  unit  for  1000 
units  is  174  manhours  or  $4335. 

2. 3. 3. 4 Total  Manufacturing  Costs.  The  average  estimated  manufacturing  cost 

per  unit  for  the  sandwich  substructure,  not  including  upper  deck,  end  bulkheads  lower 
panel,  tension  caps  and  fittings  is  Itemized  as  follows: 

Tooling  $ 90 

Raw  Materials  8, 782 

Fabrication  4,335 

Total  $13,207 

2.3.4  CONCEPT  NO.  3 MANUFACTURING  COSTS.  The  manufacturing  and  flow 
chart  for  Concept  No.  3 substructure  is  presented  in  Figure  2 .9.  The  Kevlar  /epoxy 
corrugations  will  be  laminated  on  a tool  capable  of  producing  two  shear  panels  per 
layup.  Four  layups  and  cure  cycles  will  manufacture  sufficient  corrugations  for  a 
complete  bridge  module.  The  extruded  deck  and  lower  aluminum  channels  will  be 
predrilled  and  back  drilled  into  the  corrugated  panels  with  the  aid  of  an  assembly 
fixture.  The  corrugations  will  be  potted  locally  at  the  upper  and  lower  edge  points. 


Manhours 

60 

8 

12 

8 

60 

4.5 

18 

16 

8 

4 

221 

442 


2.3.4. 1 Tooling  Costs.  The  tools  required  to  fabricate  Concept  No.  3 substructure 
are  listed  in  Table  2-6  with  their  estimated  costs.  The  total  tooling  cost  for  this 
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Table  2-6.  Concept  No.  3 Tooling  Cost 


Abbreviation 

Tool  Description 

Cost 

Labor 

Materials 

PDMO 

Corrugation  Panel 

1178  hrs 

$2993 

TOLO 

Mylar-Orientation 

24 

84 

TOAC  (6) 

Corrugation  Hold  Down  Bars 

80 

250 

TOAC 

Rubber  Vacuum  Bag 

96 

278 

TOAC 

Waterjet  Perimeter  Trim 

180 

522 

DRSH  (2) 

Deck  Attach  Hole  Pattern 

260 

835 

TRTP 

Lower  Inside  Channel  Trim 

10 

35 

TRTP 

Lower  Outside  Channel  Trim 

10 

35 

ASFX 

Final  Assemble  Bridge 

1560 

4176 

Total  Cost 

3398  hrs 

$9208 

Cost  per  Unit 

3.4 

$9.20 

2. 3. 4. 2 Raw  Material  Costs.  Raw  material  costs  frr  Concept  No.  3 substructure 
are  listed  in  Table  2-7.  A Kevlar/epoxy  material  usitge  factor  of  1. 50  was  used  for 
this  concept  since  very  little  trim  loss  is  expected. 


Table  2-7.  Concept  No.  3 Material  Costs 


Item 

Dry  Wt.  (lb) 

Prepreg  Wt.  (lb) 

Cost 

1. 

Kevlar/epoxy  cloth  ($6/lb) 

Corrugated  Panel 

357 

535 

$3210 

2. 

Aluminum  Sheet  ($l/lb) 

~ 100  pounds 

2 

100 

3. 

Adhesive  ($3. 50/ft  ) 

~90  square  feet 

315 

4. 

Potting  Compound  ($  10/gal) 

~ 5 gallons 

Total  Material  Costs 

50 

$3675 

2. 3. 4. 3 Fabrication  Labor  Costs.  The  estimated  fabrication  labor  hours  for 
Concept  No.  3 are  broken  down  as  follows: 
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Task  Manhours 


1.  Layup  Corrugated  Panels 

72 -inch  x 270-inch  x 8-ply  layup  96 

Bag  32 

Cure  12 

Total  140 

Total  x 2 Panels  280 

2.  Cut  2 Panels  in  Half  24 

3.  Fabricate  Sheet  Metal  Channels 

Cut  sheets  6-inch  x 270-inch  x . 080  8 

Cut  sheets  10-inch  x 270-inch  x . 080  8 

Bend-on-brake  24 

Total  40 

4.  Subassemble  Panels,  Cap  and  Channels 

Fit  check  in  bond  tool  16 

Prepare  surface  for  bond  16 

Apply  adhesive  12 

Clamp  6 

Total  50 

Total  x 2 assemblies . 100 

5.  Assemble  Substructure  to  Upper  Deck 

Place  subassemblies  in  ASFX  24 

Drill  528  holes  55 

Install  528  fasteners  55 

Pot  ends  of  corrugations  100 

Total  assemble  234 


The  total  estimated  fabrication  labor  cost  for  the  prototype  units  is  678  manhours  or 
$16,950.  The  average  labor  cost  per  unit  for  1000  units  is  175  manhours  or  $4375. 

2. 3.4.4  Total  Manufacturing  Costs.  The  average  manufacturing  cost  for  the 
corrugated  substructure,  not  including  the  upper  deck,  end  bulkheads  lower  panel, 
tension  caps  and  fittings,  is  itemized  as  follows: 


Tooling  $ 94 

Raw  Materials  3675 

Fabrication  Labor  4375 

Total  $8144 
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2.3.5  COST  ANALYSIS  SUMMARY.  Table  2-8  presents  estimated  manufacturing 
cost  differences  among  the  three  concepts.  It  must  be  emphasized  that  features 
common  to  all  concepts  (i.  e. . upper  deck,  tension  fittings,  etc. ) were  not  included 
in  the  cost  estimates,  thus  the  figures  presented  do  not  reflect  total  production  costs 
for  entire  bridge  section. 


Table  2-8.  Concept  Cost  Summary 


Item 

Concept  No.  1 
Beaded  Panel 

Concept  No.  2 
Sandwich  Panel 

Concept  No.  3 
Corrugated  Panel 

Tooling 

Materials 

13 

11 

9 

Labor 

92 

79 

85 

Fabrication 

Materials 

Kevlar/Epoxy 

5364 

4482 

3210 

Aluminum 

- 

- 

100 

Honeycomb  Core 

- 

2500 

- 

Adhesive  & Potting 

- 

1800 

365 

labor 

Composite  Fab 

5664 

4000 

1962 

Metal  Fab 

- 

- 

258 

Assembly 

311 

335 

2155 

Total 

$11,444 

$ 13,207 

$ 8,144 

The  labor  cost  figures  given  here  represent  average  unit  costs  based  on  prototype 
labor  estimates  that  have  been  adjusted  to  account  for  learning.  The  learning  rate 
for  hand  layup  of  composite  structures  is  on  the  order  of  85%.  At  this  85%  learning 
rate,  the  average  fabrication  labor  cost  per  unit  for  1000  units  will  be  25. 8%  of  the 
prototype  unit  labor  cost. 

The  Kevlar/epoxy  material  costs  shown  were  calculated  using  a projected  average 
cost  of  $6/pound  in  the  1980-1985  period. 

Of  the  three  concepts  analyzed,  the  corrugated  substructure  (Concept  No.  3),  in 
addition  to  being  the  lowest  cost,  appears  to  offer  the  greatest  potential  for  future 
cost  reduction  through  automation  of  the  corrugated  panel  layup. 

2.4  RELIABILITY 

The  objective  of  the  reliability  assessment  portion  of  the  conceptual  design  study  was 
to  evaluate  the  reliability,  maintainability,  and  human  factors  engineering  aspects  of 
the  concepts  considered. 
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The  reliability  design  concept  tradeoffs  included  consideration  of  such  items  as  design 
simplicity,  inspectability  and  estimates  of  reliability  safety  margins  as  an  index  of 
concept  design  reliability.  The  reliability  analysis  also  used  the  approach  proposed 
by  Lusser  for  stress-strength  relationships  as  shown  in  Figure  2. 10.  Basically  the 
reliability  safety  margin  expresses  how  much  separation  there  is  between  the  average 
strength  and  the  maximum  stress  anticipated.  The  reliability  boundary  is  defined  as 
the  maximum  stress  which  will  be  encountered.  This  may  be  estimated  by  worst  case 
analysis.  In  those  cases  where  uncertainties  exist  on  the  maximum  stresses  that  may 
be  imposed  and  where  the  stresses  are  assumed  to  be  normally  distributed,  the  relia- 
bility boundaries  are  set  at  six  stress  standard  deviations  above  the  mean  stress. 

A value  of  mean  stress  was  established  at  155, 000  pounds  for  the  composite  lower 
tension  cap  specimen.  This  was  based  on  a 200, 000  pound  maximum  load  for  a sixty 
ton  tank  crossing  the  seventy-foot  bridge  span.  An  estimate  of  the  stress  standard 
deviation  was  established  at  15, 000  pounds.  The  mean  strength  of  525, 000  pounds  was 
based  on  the  results  of  the  lower  cap  tension  joint  static  load  test  described  in  para- 
graph 3.2. 1.4  where,  during  loading  from  0 - 517,  000  pounds,  there  was  no  indication 
of  failure  or  impending  failure  of  the  specimen.  The  standard  deviation  for  strength  was 
estimated  to  be  40, 000  pounds.  This  estimated  strength  standard  deviation  was  increas- 
ed and  decreased  by  50%  to  determine  the  degree  of  variation  that  might  be  expected  as 
a function  of  battle  damage  or  change  in  design  strength.  The  stress  standard  deviation 
was  also  increased  and  decreased  by  50%  to  cover  a range  of  stresses  that  may  be  a 
function  of  severe  operating  conditions. 

Utilizing  Lussers  reliability  through  safety  margins  technique,  the  stress  and  strength 
mean  and  standard  deviation  variations  were  plotted  as  shown  in  Figure  2. 11  to  deter- 
mine reliability  safety  margins  for  various  combinations  of  the  strength-stress 
distributions  developed  above.  Figure  2. 11  reflects  sensitivity  data  that  indicates 
which  parameters  have  the  greatest  improt  on  tension  cap  reliability.  This  approach 
permits  disciplined  and  systeniatic  comparisons  oi  reliabilities  of  alternate  structural 
design  when  sufficient  test  data  exists.  An  evaluation  of  the  data  of  Figure  2. 11 
indicates  that  the  tension  cap  reliability  safety  margin  is  more  sensitive  to  variations 
in  strength  than  in  stress  and  that  the  safety  margin  for  the  worst  case  standard 
deviation  is  above  the  minimum  allowable  reliability  safety  margin. 

2.5  CONCEPT  SELECTION 

The  objective  of  the  Conceptual  Design  Study  was  to  investigate  a number  of  design 
conce..ls  and  material  systems  for  the  3-meter  composite  test  section  in  an  attempt 
to  reduce  production  costs  and  improve  the  load  carrying  efficiency,  durability  and 
reliability  of  the  component.  Three  candidate  design  concepts  were  generated  and 
subjected  to  structural,  mass  properties,  and  ccst  analyses.  Table  2-10  summarizes 
the  cost  and  weight  differences  for  the  three  concepts. 


LUSSER'S  TECHNIQUE 
RELIABILITY  THROUGH  SAFETY  MARGINS 


Figure  2. 10.  Reliability  Approach 
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Table  2- 10.  Comparison  of  CTS  Design  Concepts 


Concept 

Concept  #1 

Concept  #2 

Concept  #3 

Nomenclature 

Beaded  Web 

Sandwich  Web 

Corrugated  Web 

A Weight  (kg:/m) 

0 

+13.58 

+6.43 

A Cost  ($) 



0 

+1763 

-3300 

Following  the  Conceptual  Design  Study,  Concept  #3  was  selected  for  application  to 
the  composite  test  section.  In  addition  to  providing  the  lowest  production  cost,  the 
corrugated  web  concept  is  believed  to  be  the  lowest  risk  approach  for  the  CTS  design. 
Concept  #3  shear  webs  are  believed  more  reliable  than  the  other  concepts  studied  due 
to  their  simplicity  and  greater  inspectability. 
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3 

DEVELOPMENT  TESTING 

Following  the  concept  study,  a series  of  subelement  and  full  scale  subcomponent  test 
articles  were  designed,  fabricated  and  tested.  The  purpose  of  this  testing  was  to  aid 
in  the  design  and  analysis  of  critical  portions  of  the  bridge  test  section  and  demon- 
strate the  ability  of  advanced  composite  materials  to  carry  the  types  of  internal  loads 
developed  at  the  mid- span  of  an  AVLB,  while  showing  significant  weight  savings  over 
an  all  aluminum  design. 

3.1  SUBELEMENT  TESTING 

The  subelement  testing  conducted  in  support  of  the  composite  test  section  design 
fell  into  two  broad  categories;  laminate  property  testing  and  joint  testing.  For  the 
laminate  property  testing,  five  0.20-inch  thick  graphite/ epoxy  flat  panels  were  made 
with  various  ply  orientations  and  then  cut  into  test  coupons. 

The  panel  laminates,  shown  in  Table  3-1,  contain  varying  percentages  of  0-degree 
anti  ±45-degree  plies  so  that  design  curves  could  be  generated  that  would  be  useful  for 
any  [0n/±45m]  laminate.  Five  types  of  test  coupons  were  cut  from  each  panel: 

Type  I 1/4-in.  Dia.  Bolt  Bearing  Specimen 
Type  n 1/2-in.  Dia.  Bolt  Bearing  Specimen 

Type  m Tensile  Specimen 

Type  IV  Tensile  Specimen  with  1/4-in.  Hole 
Type  V Multiple  Fastener  Bolted  Specimen 

Joint  testing  was  conducted  on  two  configurations  of  graphite/epoxy  specimens  with 
titanium  interleaves  molded  into  the  laminates  at  the  end  joints.  These  specimens  were 
designated  Type  VI  and  Type  VII  specimens. 


Table  3-1.  G/E  Test  Panel  Laminates 


Panel  I.  D. 

Laminate 

Percent  (0) 

Material 

ABB-20 

DbiS/O/d^g 

20 

T-300/934  G/E 

ABB-40 

[0/ ±45/ 0/ ±45/ 0/ ±45/ 0] 

s 

40 

ii 

ABB-60 

[0j/«6]2s 

60 

ABB-80 

[04/±45/04]g 

80 

ABB-0 

[±45] 

5s 

0 

T-300/934  G/E 
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3. 1. 1 TYPE  I SPECIMEN  TESTING.  The  Type  I subelement  specimen  testing 
was  performed  to  determine  the  ultimate  bearing  strength  and  residual  bearing  strength 
after  15, 000  fatigue  cycles  of  the  various  laminates  presented  in  Table  3-1. 

The  Type  I specimen  configuration  is  illustrated  in  Figure  3. 1.  Four  Type  I specimens 
were  cut  from  each  of  the  five  panels  listed  in  Table  3-1.  Two  specimens  from  each 
panel  were  statically  loaded  to  failure  in  tension  and  the  remaining  two  were  fatigue 
cycled  and  then  failed  in  tension. 

Testing  was  conducted  in  a universal  test  machine  using  a setup  similar  to  that  shown 
in  Figure  3.2.  Typical  load-deflection  curves  for  the  static  testing  are  presented  in 
Figure  3. 3.  As  can  be  seen  from  these  curves,  most  of  the  specimens  suffered  an 
initial  failure  and  then  proceeded  to  pick  up  more  load  prior  to  final  fracture. 

The  load  at  the  initial  failure  is  considered  to  be  the  ultimate  static  strength  of  the 
specimen.  Following  the  static  testing,  fatigue  tests  were  run  on  two  specimens  from 
each  laminate.  The  fatigue  testing  consisted  of  15, 000  load  cycles  from  a minimum 
of  2. 8%  to  a maximum  of  56%  of  the  ultimate  static  strength  for  each  laminate.  Load- 
deflection  curves  for  residual  strength  testing  of  the  fatigue  cycled  specimens  are 
presented  in  Figure  3.4.  Results  of  all  Type  I specimen  testing  are  presented  in 
Table  3-2  and  in  graphical  form  in  Figure  3. 5.  Figure  3. 6 illustrates  the  Type  I 
specimen  failure  modes  experienced  for  the  five  different  laminates  tested. 


Figure  3-1.  Type  1 Specimen  Configuration 


Figure  3.3.  Typical  Static  Load-Deflection  Curves  - Type  I Specimens 


Table  3-2.  Type  I Specimen  Test  Results 
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3. 1. 2 TYPE  II  SPECIMEN  TESTING.  The  Type  n specimen  configuration  is 

shown  in  Figure  3. 7.  Two  specimens  of  each  of  the  five  laminates  were  tested.  Both 
static  strength  and  residual  strength  after  15, 000  fatigue  cycles  were  determined. 
Load-deflection  curves  for  the  static  testing  are  presented  in  Figure  3.8.  These 
curves  show  the  same  initial  failure  (before  final  fracture)  phenomena  observed  with 
the  Type  I specimens.  Following  the  static  testing,  fatigue  tests  were  run  on  the 
remaining  specimen  from  each  laminate.  Fatigue  testing  consisted  of  15, 000  load 
cycles  from  a minimum  of  2. 8%  to  a maximum  of  57%  of  the  ultimate  static  strength 
for  each  laminate.  Load-deflection  curves  for  residual  strength  testing  of  the  fatigue 
cycled  specimens  are  presented  in  Figure  3. 9.  Results  of  all  Type  II  specimen  testing 
are  presented  in  Table  3-3  and  in  graphical  form  in  Figure  3. 10.  Figure  3. 11  illus- 
trates the  Type  IV  specimen  failure  modes  experienced  for  each  of  the  five  laminates 
tested. 


9.!  00 


Dia.  Hole 
2 places 


Figure  3.7.  Type  II  Specimen  Configuration 


Figure  3.  9.  Residual  Strength  Load -Deflection  Curves  - TypeH  Specimens 
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Figure  3. 10.  Type  II  Specimen  Strength  vs.  Percentage  of  [ 0]  Plies  in  Laminate 


Figure  3. 11.  Type  II  Specimen  Failure  Modes 
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3. 1. 3 TYPE  m AND  IV  SPECIMEN  TESTING.  The  Type  HI  and  IV  specimen 
configurations  are  illustrated  in  Figure  3. 12.  Type  IH  and  IV  specimens  are  identical 
except  for  the  addition  of  a 1/4-inch  diameter  hole  drilled  through  the  center  of  the 
Type  IV  specimens.  Two  specimens  of  each  type  were  made  from  each  of  the  panels 
listed  in  Table  3-1  and  loaded  to  failure  in  tension.  Results  of  this  testing  are  listed 
in  Table  3-4  and  presented  graphically  in  Figure  3. 13.  Figures  3. 14  and  3. 15  illus- 
trate the  Type  in  and  IV  specimen  failure  modes  experienced  for  each  of  the  laminates 
tested. 


. 06  Aluminum  Grip  Typical 
for  Types  III  & IV 


TYPE  HI  TYPE  IV 


Figure  3. 12.  Type  HI  and  IV  Specimen  Configurations 
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Table  3-4.  Type  in  and  IV  Specimen  Test  Results 


Specimen 

Percent 

Failure 

Net  Section  Stress 

No. 

[0]  Plies 

Load  (Lbs. ) 

(KSI) 

ni-o-i 

0 

6,740 

29.8 

0 

6,470 

28.7 

m-20-1 

20 

13,200 

60.9 

ni-20-2 

20 

15,700 

70.3 

in-40- 1 

40 

23,000 

101.0 

ni-40-2 

40 

22,500 

99.6 

m-60-i 

60 

25,800 

118.0 

in-60-2 

60 

34,700 

155.0 

m-80-i 

80 

43,400 

192.0 

m-80-2 

80 

39,000 

177.0 

rv-o-i 

0 

5,670 

33.3 

IV- 0-2 

0 

5,630 

32.7 

rv-20-i 

20 

7,680 

44.7 

IV-20-2 

20 

7,560 

44.1 

IV -4  0-1 

40 

10,700 

63.2 

IV-40-2  • 

40 

10,600 

63.7 

rv-60-i 

60 

15,800 

94.0 

IV-60-2 

60 

17,500 

104.0 

rv-80-i 

80 

21,000 

124.0 

IV-80-2 

80 

20,800 

122.0 

I 
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Figure  3. 13.  Type  in  & IV  Specimen  Failure  Stress  vs. 
Percentage  of  [0]  Plies  in  Laminate 
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3. 1.4  TYPE  V SPECIMEN  TESTING . The  Type  V specimen  configuration  is 
shown  in  Figure  3.16.  The  Type  V specimens  were  built  from  each  of  the  panels 
listed  in  Table  3-1.  The  specimens  were  simply  loaded  to  failure  in  tension.  Te 
results  for  the  Type  V specimens  are  listed  in  Table  3-5  and  presented  graphicall 
in  Figure  3. 17.  Figure  3. 18  illustrates  the  Type  V specimen  failure  modes  expei 
ed  for  each  of  the  five  laminates  tested. 


CASD-ASC-77-002 


Table  3-5.  Type  V Specimen  Test  Results 


Specimen 

No. 

Percent 
[0]  Plies 

Failure 
Load  (Lbs.) 

Net  Section 
Stress  (KSI) 

V-0-1 

0 

7,725 

38.6 

V-0-2 

0 

7,650 

38.3 

V-20-1 

20 

7,880 

39.4 

V-20-2 

20 

8,175 

40.9 

V-40-1 

40 

8,650 

43.3 

V-40-2 

40 

8,550 

42.8 

V-60-1 

60 

9,475 

47.4 

V-60-2 

60 

9,475 

47.4 

V-80-1 

80 

6,790 

34.0 

V-80-2 

80 

7,390 

37.0 

Failure  Mode 

Net  Tension 

Net  Tension 

Net  Tension 

Shearout/ Combination 

Shearout/  Splitting 


Net  Section 
Stress 


KS 


• -y. 


o 

- ■] 
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TYPE  VI  AND  Vn  SPECIMEN  TESTING.  The  Type  VI  and  VH  specimen 


configurations  are  shown  in  Figure  3. 19.  The  two  specimen  types  are  identical 
except  for  the  length  of  the  titanium  interleaf  at  the  midplane  of  the  laminates.  Five 
specimens  of  each  configuration  were  fabricated.  Aluminum  load  introduction  plates 
were  fastened  to  both  sides  of  each  specimen  end  using  two  5/16-itch  diameter  bolts. 
The  assemblies  were  then  simply  loaded  to  failure  in  tension.  Test  results  for  these 
specimens  are  listed  in  Table  3-6.  All  of  these  specimens  exhibited  interlaminar 
shear  failures  between  the  titanium  interleaves  and  the  adjacent  [0]  plies  as  illustrated 
in  Figure  3.20. 


Table  1 


Ply  No. 


Orientation 


Table  I 


025  Titanium 
interleaf  Typ 


Type  Vn 


Figure  3. 19.  Type  VI  and  VII  Specimen  Configurations 
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3IBB 


Table  3-6.  Type  VI  and  VTI  Specimen  Test  Results 


Specimen  No. 

Failure  Load 
(Lbs. ) 

Tensile  Stress 
(KSI) 

VI-1 

10, 850 

79.2 

VI-2 

10,125 

68.9 

VI-3 

9,025 

60.6 

VI-4 

9,725 

65.9 

VI-5 

11,025 

77.4 

vn-i 

12,300 

91.1 

vn-2 

11,375 

77.6 

vn-3 

11,500 

78.4 

vn-4 

10,900 

74.8 

vn-5 

11,950 

84.5 

Figure  3.20.  Type  VI  and  VII  Specimen  Failure  Mode 
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3.2  FULL  SIZE  SUBCOMPONENT  TESTING 

Two  full  scale  composite  test  articles  representing  the  critical  joint  areas  of  the 
3-meter  composite  test  section  were  designed,  fabricated,  and  tested.  The  locations 
of  the  critical  joint  areas  on  the  test  section  are  shown  in  Figure  3.21. 


COMPOSITE  SHEAR  PANEL 


1 


SHEAR  PANEL  - DECK  ATTACHMENT  JOINT 
^-ALUMINUM  UPPER  DECK 


O O J 


'U 


COMPOSITE  TENSION  CAP 


LOWER  CAP  TENSION  JOINT 


Figure  3.21.  Critical  Joint  Areas  of  the  CTS 
3.2.1  LOWER  CAP  TENSION  JOINT  TEST  ARTICLE. 


3.2. 1. 1 Lower  Cap  Tension  Joint  Design.  Perhaps  the  most  challenging  design  task 
in  the  entire  composite  test  section  design  is  the  highly  loaded  joint  between  the 
graphite/ epoxy  tension  caps  and  the  metal  fittings  that  attach  to  the  bridge  ramp 
sections.  After  considerable  effort  investigating  alternate  joint  configurations,  a 
concept  was  selected  that  incorporates  thin  metal  interleaves  in  the  ends  of  the 
graphite/epoxy  cap  member  to  distribute  bolt  bearing  loads  uniformly  across  the 
section.  Subelement  tests  were  conducted  to  demonstrate  the  validity  of  this  joint 
concept  before  proceeding  with  detail  design  of  the  full  scale  development  article. 


The  lower  tension  cap  test  article  drawing  is  presented  in  Figure  3.22.  This 
composite  cap  design  was  identical  to  that  proposed  for  the  3 -meter  CTS  except  for 
its  reduced  length.  Significant  cost  savings  were  realized  by  limiting  the  length  of 
the  test  article  and  the  test  results  were  independent  of  specimen  length. 


The  material  system  selected  for  this  component  was  Fiberite's  hy-E  1034E.  This 
system  incorporates  Union  Carbide  T-300  graphite  fibers  in  a Fiberite  350F  cure 
epoxy  matrix.  The  cured  ply  thickness  is  0. 010  inches  for  a laminate  with  65%  fiber 
volume. 
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Figure  3.22.  Tension  Op  Joint  Development  Article 
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The  basic  section  in  the  center  of  the  cap  was  an  8-inch  wide,  80  ply  [02/±45/02/±45/02]4 
laminate  having  60%  of  the  fibers  jontinuous  from  end  to  end  in  the  longitudinal  direc- 
tion. The  remaining  40%  of  the  plies,  in  the  ±45°  orientation,  were  gradually  dropped  at 
the  ends  of  the  cap  and  replaced  with  6A1-4V  titanium  interleaves  that  were  cocured  into 
the  composite  laminate.  Tapered  22-ply  doublers  containing  additional  titanium  inter- 
leaves were  bonded  to  both  faces  of  the  basic  cap  at  each  end  for  reinforcement.  The 
doublers  were  bonded  to  the  cap  at  room  temperature  using  Hysol  EA9309  adhesive. 

This  adhesive  system  was  selected  for  this  application  because  it  possessed  good  room 
temperature  shear  strength  and  excellent  peel  strength.  The  . 22-inch  thick  doublers 
were  tapered  to  . 010  inch  over  3. 5 inches.  This  gradual  (3. 5°  angle)  taper  minimized 
the  axial  stress  concentration  at  the  doubler  ends  and  the  peel  stresses  in  the  adhesive 
bondline. 


ligh-strength  steel  fittings  (Figure  3.23)  were  bolted  to  the  cap  ends  for  load  introduction 
Two  fittings  were  attached  to  each  cap  end  using  four  1.25-inch  diameter  stainless  steel 
olts.  The  cap  end/fitting  configuration  was  designed  to  mate  with  the  lower  cap  fittings 
of  the  existing  aluminum  bridge  ramp  sections. 


.2. 1.2  Lower  Tension  Cap  Structural  Analysis.  The  Tower  tension  cap  development 
article  structural  analysis  is  contained  in  Appendix  A. 


3.2. 1.3  Lower  Tension  Cap  Fabrication.  The  lower  tension  cap  fabrication  sequence 
is  presented  in  Figure  3.24.  Graphite/ epoxy  prepreg  was  laid  up  in  large  two  ply  sheets 
and  precompacted  and  prebled  under  50  psi  autoclave  pressure  at  160F.  The  sheets 
were  then  cut  to  proper  size  and  laid  into  an  aluminum  mold  tool  as  shown  in  Figure  3.25 
The  mold  tool  consisted  of  two  flat  caul  plates  on  either  side  of  a "picture  frame"  that 
was  designed  to  control  the  finished  thickness  of  the  laminate.  The  tool  was  vacuum 
bagged  and  placed  into  an  autoclave  where  the  laminate  was  cured  under  100  psi  at  350F. 


Following  cure,  the  laminate  was  removed  from  the  tool  and  sawed  into  two  8-inch  wide 
caps.  A special  diamond  plated  wheel  was  used  to  saw  the  laminate  to  proper  width. 


The  ~-ply  doublers  were  laid  up  and  cured  using  the  same  techniques  employed  for  the 
basic  80-ply  cap  laminate.  Following  the  diamond  saw  operation,  the  doublers  were 
machine  tapered  and  then  bonded  to  the  basic  caps  using  Hysol  9309  room  temperature 

cure  adhesive. 


The  cap/doubler  assembly  was  then  assembled  to  the  steel  end  fittings  with  1-1/4-inch 
diameter  bolts.  The  bolt  holes  were  drilled  and  then  bored  to  final  size  using  conven- 
tional machining  techniques.  The  stainless  steel  bolts  were  tightened  to  600  ft-lb  torque 
and  then  the  1. 75-inch  diameter  pin  holes  were  bored  in-line  to  final  size. 


The  tension  cap  test  article  was  then  instrumented  with  ten  strain  gages  and  forwarded 
to  the  structures  test  facility. 


Tension 
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Figure  3.25.  Layup  of  Tension  Cap  Laminates 

3.2. 1.4  Lower  Cap  Tension  Joint  Testing.  The  lower  cap  tension  joint  static  test 
article  was  installed  in  the  600, 000  pound  Tinius-Olsen  test  machine  (see  Figure  3.26) 
at  Convair's  Harbor  Drive  Facility  on  March  28,  1977.  After  wiring  the  strain  gages 
and  the  extensometer  into  the  recording  equipment,  the  static  tension  test  was  initiated. 
The  specimen  was  loaded  in  20, 000  pound  increments  to  500,  000  pounds  with  strain 
readings  taken  at  each  20, 000  pound  increment.  After  taking  readings  at  500, 000 
pounds,  the  load  was  to  have  been  increased  to  520, 000  pounds  but  a test  machine 
malfunction  caused  the  test  to  be  terminated  at  517, 000  pounds  maximum  load.  During 
the  loading  from  0 to  517,000  pounds  there  was  no  indication  of  failure  or  impending 
failure  of  the  test  specimen. 

Strain  and  deflection  readings  taken  during  the  static  testing  are  tabulated  in  Table  3-7. 
Strain  gp.ge  locations  are  shown  in  Figure  3.27.  A load-strain  plot  is  presented  in 
Figure  3.28.  Strain  gage  readings  for  gage  S10  are  believec  to  be  erroneous,  possibly 
due  to  a faulty  gage  or  disbonding  of  the  gage  during  test.  7 his  gage  was  replaced  prior 
to  further  testing. 

Since  the  demonstrated  static  strength  of  the  specimen  far  surpassed  the  design  load 
(300, 000  pounds),  it  was  decided  that  no  further  static  testing  was  necessary.  Instead, 
the  static  test  article  was  used  for  fatigue  testing.  The  required  fatigue  life  established 
for  the  composite  lower  tension  cap  specimen  was  15, 000  load  cycles  from  a minimum 
load  of  20, 000  pounds  to  a maximum  of  200, 000  pounds.  This  is  equivalent  to  15,  000 
sixty-ton  tank  crossings  of  tne  70-foot  bridge  span  with  the  3-meter  composite  test 
section  inserted  at  the  mid- span.  « ,s 
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Table  3-7.  Tension  Cap  Static  Test  Strain 
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LOAD  - POUNDS  X 1000 


DEFLECTION 
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Figure  3.28.  Tension  Cap  Static  Test  Load-Strain  Plots 


Strain  and  deflection  readings  taken  periodically  during  the  fatigue  testing  are 
presented  in  Table  3-8.  The  strain  readings  are  very  close  to  the  strain  readings 
obtained  during  the  static  test  possibly  due  to  slippage  between  the  steel  fittings  and 
the  tension  cap.  No  indications  of  tension  cap  degradation  could  be  seen  in  the  strain 
gage  readings  or  by  visual  inspection  of  the  component  after  fatigue. 


Table  3-8.  Tension  Cap  Fatigue  Test  Strain  and  Deflection  Readings 


Following  the  15, 000  fatigue  cycles,  a residual  strength  test  was  run.  The  specimen 
was  leaded  to  failure  in  tension  with  strain  and  deflection  readings  taken  at  20, 000- 
pound  increments  of  load.  Failure  occurred  in  the  graphite/epoxy  doublers  at  a load 
of  515,000  pounds.  The  failure  mode,  shown  in  Figures  3.29  and  3.30,  was  inter- 
laminar shear  failure  of  the  [ ±45]  doubler  plies  closest  to  the  cap  - doubler  bond.  The 
adhesive  bond  itself  did  not  fail. 


Strain  and  deflection  readings  taken  during  the  residual  strength  test  are  listed  in 
Table  3-9.  These  readings  are  essentially  the  same  as  those  recorded  during  the 
static  test  performed  earlier. 


3.2.2  CORRUGATED  PANEL/DECK  JOINT  TEST  ARTICLE 


3.2.2. 1 Corrugated  Panel  Design.  The  shear  panel-deck  attachment  joint  test 
article  design  is  presented  in  Figure  3.31.  This  specimen  represents  a section  of 
one  shear  panel  taken  from  the  center  of  the  3-meter  composite  test  section.  The 
upper  edge  of  the  corrugated  composite  panel  is  attached  to  a machined  edge  member 
using  room  temperature  cure  adhesive  and  mechanical  fasteners.  In  production,  this 
edge  member  would  be  inexpensively  formed  from  flat  sheet  material  in  lieu  of  machin- 
ing. The  lower  edge  of  the  panel  is  bonded  and  mechanically  fastened  to  a strip  of 
corrugated  aluminum  sheet.  After  assembly,  the  edge  members  are  machined  parallel 
and  perpendicular  to  the  panel  sides. 


The  corrugated  composite  panel  is  comprised  of  an  0. 080-inch  thick  laminated 
graphite/epoxy  core  with  0. 014-inch  thick  Kevlar/ epoxy  cloth  faces.  The  Kevlar 
faces  are  provided  for  protection  against  damage  of  the  graphite/ epoxy  and  corrosion 
of  the  aluminum  edge  member. 


3. 2. 2. 2  Corrugated  Panel  Structural  Analysis.  The  structural  analysis  of  the 
corrugated  panel/deck  joint  test  article  is  contained  in  Appendix  A of  .this  report 


3. 2. 2. 3  Corrugated  Panel  Fabrication.  The  graphite/Kevlar/epoxy  corrugated 
panel  was  laid  up  in  2-ply  modules  on  a low-cost  aluminum  mold  tool  as  shown  in  Figure 
3.32.  The  tool  was  fabricated  from  sheet  aluminum  using  a bend-on-brake  technique. 
Following  layup,  the  laminate  was  vacuum-bagged  and  cured  in  an  autoclave  under 
100  psi  at  350F.  The  cured  panel  was  trimmed  to  size  on  a band  saw  and  then  bonded 
tn  thp  upper  and  lower  edge  members  at  room  temperature  using  Hysol  9309  adhesives 
Following  cure  of  the  adhesive,  3/16-inch  diameter  titanium  "cherry  buck"  rivets 
were  installed  through  the  edge  members  and  the  composite  panel.  The  upper  and 
lower  faces  of  the  edge  members  were  machined  parallel  prior  to  installing  strain 
gages  for  test. 


3. 2. 2. 4  Corrugated  Panel  Testing.  The  corrugated  panel  test  article  was  installed 
in  the  200,000  pound  test  machine,  as  shown  in  Figure  3.33,  at  the  Kearny  Mesa 
facility  on  March  29,  1977.  The  panel  was  loaded  to  failure  in  compression  with 
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Table  3-9.  Tension  Cap  Residual  Strength  Test 
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Figure  3.33.  Corrugated  Panel  Installed 
in  Test  Machine 
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strain  readings  taken  at  1000  pound  increments  of  load.  The  strain  readings  taken 
during  this  test  are  listed  in  Table  3-10  and  presented  graphically  in  Figure  3. 34. 
Strain  gage  locations  are  shown  in  Figure  3.  35. 

The  panel  test  was  uneventful  up  to  about  18, 000  pounds  when  the  adhesive  filler  at 
the  lower  edge  attachment  disbonded  from  the  aluminum  edge  member.  From  this 
point  on  the  load  was  carried  solely  by  the  rivets.  The  load  was  increased  beyond 
21,  000  pounds  where  the  annealed  lower  edge  member  began  yielding  around  the  rivet 
holes.  The  load  could  not  be  held  constant  beyond  this  point  and  strain  readings  taken 
are  not  as  accurate  as  those  taken  before  the  yielding  began. 

Final  failure  occurred  at  34, 150  pounds.  One  edge  of  the  panel  buckled  and  delaminat- 
ed as  shown  in  Figure  3.36.  At  the  moment  of  failure,  the  panel  was  bowed  approxi- 
mately one  inch  out  of  plane  due  to  the  beam-column  loading. 

Table  3-10.  Corrugated  Panel  Compression 
Test  b train  Readings 


S9  S10 


S4 

S5 

S6 

S7 

S8 

-86 

-28 

-23 

m 

-280 

-180 

-72 

-68 

E S| 

-356 

-446 

-122 

-116 

SS 1 

-422 

-538 

-160 

-158 

E2I 

-480 

-670 

-216 

-216 

RH 

-556 

-802 

-272 

-276 

-330 

-614 

-882 

-330 

-338 

-388 

-678 

-968 

-386 

-394 

-444 

-734 

-1,040 

-444 

-454 

-500 

-780 

-1,128 

-502 

-516 

-554 

-830 

-1,384 

-556 

-574 

-610 

-902 

-1,474 

-614 

-634 

-666 

-966 

-1,560 

-670 

-694 

-720 

-1,024 

-1,642 

-730 

-754 

-774 

-1,084 

-1,720 

-788 

-820 

-828 

-1,146 

-1,802 

-848 

-882 

-888 

-1,210 

-1,876 

-912 

-950 

-950 

-1,282 

-2,634 

-970 

-1,012 

-1,004 

-1,408 

-2,514 

-1,024 

-1,074 

-1,058 

-1,476 

-2,642 

-1,082 

-1,136 

-1,116 

-1,536 

-2,428 

-1,112 

-1,162 

-1,010 

-1,418 

-3,832 

-1,436 

-1,602 

-1,390 

-4,002 

-3,560 

-1,530 

-1,705 

-1,475 

-4,850 

-3,590 

-1,640 

-1,830 

-1,575 

-4,970 

-3,735 

-1,845 

-2,055 

-1,740 

-5,170 

Sll 

S12 

-54 

-54 

-124 

-128 

-192 

-200 

-254 

-268 

-304 

-332 

-374 

-398 

-432 

-462 

-488 

-524 

-544 

-584 

-602 

-648 

-660 

-712 

-716 

-774 

-772 

-834 

-830 

-894 

-890 

-960 

-950 

-1,026 

-986 

-1,072 

-1,040 

-1,132 

-1,092 

-1,192 

-1,148 

-1,250 

-962 

-916 

-1,470 

-1,612 

-1,572 

-1,714 

-1,718 

-1 , 836 

-1,926 

-2,020 

NOTES: 

1.  Install  gages  back-to-back  within  . 06  in. 

2.  Gages  1 through  4 are  Baldwin- Lima  Hamilton  (BLH) 
type  FAE -25-12 -S13. 

3.  Gages  5 through  12  are  BLH  type  FAE-25-12-S1. 

Figure  3.35.  Corrugated  Test  Panel  Instrumentation 
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JUIPMENT  LIST 

SUBELEMENT  TESTS 

Specimen  Type 

Test  Equipment 

Type  I 

Instron  Universal  Test  Machine  - 
Model  TTD 

Type  II  - Static  Test 

Instron  20,000#  Tensile  Test 
Machine  - Model  TTD 

Type  n - Fatigue  Test 

Sontagg  SF-100  Universal 

Fatigue  Test  Machine 

Type  in  & Type  IV 

Instron  20, 000#  Tensile  Test 

Machine  - Model  TTD 

Type  V 

Instron  20,  000#  Tensile  Test 
Machine  - Model  TTD 

Type  VI  & Type  VII 

Instron  20,  000#  Tensile  Test 
Machine  - Model  TTD 

FULL  SIZE  SUBCOMPONENT  TESTS 

Lower  Cap  Tension  Joint  Tinius-Olsen  600,000#  Test  Machine 

Model  Super  L ESL  130297 

Corrugated  Panel  - Deck  Tinius-Olsen  200,  000#  Universal 
Attachment  Joint  Test  Machine 


The  composite  test  section  phase  of  the  program  involved  the  structural  design  and 
analysis  and  manufacturing  cost  analysis  of  a 3-meter  composite  bridge  test  section. 


4. 1 COMPOSITE  TEST  SECTION  DESIGN 

The  objective  of  the  CTS  design  task  was  to  generate  a detailed  design  of  a 3-meter 
lightweight  bridge  test  section  constructed  of  advanced  composite  materials . This 
section  of  the  report  discusses  the  design  requirements  established,  the  completed 
design  configuration,  and  the  CTS  weight  breakdown. 

4. 1. 1 TEST  SECTION  DESIGN  REQUIREMENTS.  The  design  requirements  for 
the  composite  bridge  test  section  consist  of  geometrical  constraints,  ultimate  strength, 
fatigue  life,  and  environmental  survivability.  These  requirements  served  as  ground- 
rules  for  the  design  of  the  composite  test  section. 

Geometrical  Constraints;  The  composite  test  section  was  designed  to  interface  with 
existing  metallic  bridge  ramp  sections  according  to  MERADCOM  drawing  number 
13216E8001.  The  test  section  aluminum  upper  deck  was  to  be  3 meters  long  and 
60  inches  wide  with  a bearing  plate  welded  to  each  end  to  bear  against  the  upper  deck 
of  the  ramp  sections.  The  lower  tension  caps  of  the  test  section  were  required  to 
mate  with  existing  fittings  on  the  aluminum  ramp  sections.  The  overall  height  of  the 
test  section  was  required  to  be  less  than  one  meter. 

Ultimate  Strength:  The  composite  test  section  was  required  to  support  a Military 
LoadClass  (MLC)  60  vehicle  at  any  point  on  its  span  in  accordance  with  the  "Trilateral 
Design  and  Test  Code  for  Military  Bridging  and  Gap  Crossing  Equipment.  " A static 
ultimate  factor  of  safety  of  1. 50  was  applied  to  all  design  loads. 

Fatigue  Life:  The  composite  test  section  was  required  to  sustain  15,  000  MLC  60 
vehicle  crossings  without  failure.  After  this  fatigue  loading,  the  test  section  must 
meet  the  ultimate  strength  requirement. 

Environmental  Survivability:  The  composite  test  section  must  be  capable  of  operating 
in  a variety  of  environments  ranging  from  tropical  rain  forests  to  arctic  exposures. 

The  major  environmental  requirements  are  listed  below: 

Temperature  Range:  -65F  to  160F 

Moisture  Exposure:  0%  to  100%  Relative  Humidity 

Fresh,  Salt,  and  Brackish  Water 
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Battle  Damage:  50  caliber  projectile  penetration 

4. 1.2  COMPOSITE  TEST  SECTION  CONFIGURATION.  The  composite  test  section 
(CTS)  configuration  is  illustrated  in  Figure  4. 1.  The  design  details  are  shown  on 
Convair  drawing  number  72C0788  included  in  Appendix  B.  This  structure  was  designed 
primarily  to  withstand  the  high  bending  moment  induced  by  a Class  60  vehicle  at  mid- 
span. This  high  moment  is  reacted  by  a couple:  tension  in  the  lower  caps  and  compres- 
sion in  the  upper  deck.  A moderate  shear  load  is  reacted  by  four  diagonal  corrugated 
shear  panels. 

The  four  major  components  that  make  up  the  CTS  are  the  upper  deck  treadway,  the 
corrugated  shear  panels,  the  lower  tension  caps,  and  the  end  bulkheads. 

Upper  Deck  Treadway:  The  upper  deck  treadway  of  the  CTS  is  identical  in  cross 
section  to  that  of  the  mating  ramp  sections.  It  is  comprised  of  three  20-inch  wide 
extruded  aluminum  sections  that  are  welded  together  to  form  the  total  60-inch  width. 
Aluminum  plates  are  welded  to  each  end  of  the  deck  to  provide  a bearing  surface  that 
butts  against  the  ramp  section  decks.  The  deck  extrusion  is  made  from  7005-T53 
aluminum  alloy  that  requires  no  heat  treatment  after  welding. 


CORRUGATED  PANEL 

GRAPHITE/KEVLAR/EPCXY 


LOWER  TENSION  CAP 
GRAPHITE/EPOXY 


END  BULKHEAD 
GRAPHITE/KEVLAR/EPOXY 


Figure  4. 1.  Composite  Test  Section  Configuration 
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Corrugated  Shear  Panels:  Four  diagonal  corrugated  shear  panels  connect  the  upper 
deck  with  the  tension  caps.  The  corrugated  shear  panels  are  a hybrid  composite 
laminate  comprised  of  a graphite/epoxy  (T300/934)  core  with  Kevlar/epoxy  facings. 

The  overall  laminate  is  0. 10  inch  thick  with  80%  of  the  plies  being  graphite/epoxy. 

Each  of  the  shear  webs  is  117  inches  long  a.id  approximately  35  inches  wide  with  corruga- 
tions in  the  center  portions  for  stability  against  buckling.  The  shear  panel  are 
attached  to  the  upper  deck  and  lower  tension  caps  by  means  of  formed  aluminum  edge 
members  as  shown  in  Figure  4. 2.  The  shear  webs  are  riveted  to  the  upper  and  lower 
edge  members  which  are  then  welded  to  the  upper  deck  and  bolted  to  the  lower  tension 
cap.  The  ends  of  the  shear  webs,  in  the  non- corrugated  area,  are  stiffened  with  form- 
ed aluminum  Z-section  stiffeners  that  are  riveted  to  the  inside  of  each  panel.  The 
ends  of  the  shear  panels  are  attached  to  the  end  bulkheads  with  riveted  aluminum  angles. 

Lower  Tension  Caps:  The  composite  lower  tension  caps  are  rectangular  section 
members  (0. 80  x 8.0  in. ) made  from  T300/934  graphite/epoxy.  The  caps  are  attached 
to  the  lower  edges  of  the  corrugated  shear  panels  using  1/4-inch  huckbolts.  The  basic 
center  section  of  the  cap  contains  80%  longitudinal  plies  and  40%  cross-plies  at  ±45 
degrees.  The  ±45  plies  are  gradually  dropped  and  replaced  by  0.  020-inch  thick 
titanium  interleaves  at  each  end  of  the  cap.  Tapered  graphite/epoxy  doublers  with 
additional  titanium  interleaves  are  bonded  to  both  sides  of  the  cap  at  each  end  for 
reinforcement.  Stainless  steel  end  fittings  are  bolted  to  the  cap  ends  with  four  1-1/4- 
inch  diameter  corrosion  resistant  steel  bolts. 

The  lower  tension  cap  is  identical,  except  for  overall  length,  to  the  tension  cap 
development  article  that  was  successfully  tested  earlier  in  the  program.  Although 
the  test  section  cap  design  could  have  been  refined  to  reduce  weight  and  cost,  the 
higher  reliability  afforded  by  the  original  development  article  design  was  believed 
to  be  of  greater  importance. 

End  Bulkheads:  The  test  section  end  bulkheads  are  trapezoidal  shaped,  0.20-inch  thick, 
flat  laminates  of  graphite/epoxy  with  Kevlar/ epoxy  faces.  The  laminate  contains  20% 
plies  in  the  vertical  direction  with  the  remaining  80%  at  ±45  degrees.  Large  holes  are 
cut  through  the  bulkheads  to  permit  access  to  the  closed  cells  of  the  test  section  sub- 
structure. The  bulkheads  are  attached  to  the  shear  panel  ends  using  huckbolt 
fasteners. 


4.1.3  CTS  WEIGHT  ANALYSIS.  Detailed  weight  calculations  were  made  for  each 
part  of  the  composite  test  section.  The  resulting  weight  breakdown  is  presented  in 
Table  4-1.  The  weight  target  for  the  CTS  exclusive  of  end  attachment  fittings  was 
125  Kg/m.  The  final  composite  design  was  106  Kg/m  without  the  steel  fittings  and 
only  125.  7 including  the  fittings.  For  a 7-meter  module  of  the  same  construction,  the 
weight  would  equal  only  103. 3 Kg/m. 
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Table  4-1.  CTS  Weight  Breakdown 


Item 

Weight  (K 

Upper  Deck 

132 

Corrugated  Panels 

47 

Panel  Edge  Members 

34 

Tension  Caps 

51 

Steel  Tension  Fittings 

59 

Aluminum  Fittings/Angles 

27 

End  Bulkheads 

10 

Mi  sc.  (fasteners,  adhesive,  etc.) 

17 

Total  Weight 

377 

Weight/Meter 

125.7 

COMPOSITE  TEST  SECTION  STRUCTURAL  ANALYSIS 


The  structural  analysis  presented  in  this  section  details  the  mechanical  properties 
used  and  analyses  performed  to  verify  the  structural  integrity  of  the  Convair  Test 
Section  of  the  Armoured  Vehicle  Launched  Bridge.  The  analysis  is  Intended  to  show 
compliance  with  the  Design  Require  meats  specified  in  the  Trilateral  Design  and 
Test  Code  for  Military  Bridging  and  Gap  Crossing  Equipment  (Reference  2).  Analysis 
methods  and  assumptions  regarding  boundary  conditions  and  stress  concentration 
factors  used  in  stability  and  strength  analyses  throughout  the  report  are  considered  to 
be  accurate  or  conservative.  This  has  been  verified  by  the  results  of  structural  tests 
conducted  on  critical  subcomponents  all  of  which  exceeded  design  requirements. 

Table  4-2  summarizes  the  minimum  margins  of  safety  obtained  in  the  analyses 
performed. 

Table  4-2.  Summary  of  Minimum  Margins  of  Safety 


Item 

Condition 

Failure 

Mode 

MS 

Ref. 

Pg. 

Lower  Tension  Cap 

10 

Net  Tension 

+0.15 

4-21 

Lower  Tension  Cap  Interleaf 
Joint 

10 

Bolt  Shear  Out 

+0.04 

4-30 

Steel  Splice  Fittings 

10 

Bolt  Bearing 

+1.28 

4-33 

Wishbone  Fitting 

9 

Flange  Crippling 

+0. 016 

4-38 

Wishbone  Fitting  Attachments 

9 

Bolt  Bearing 

+0.049 

4-39 

Corrugated  Support  Web 

9 

Plate  Buckling 

+0.075 

4-45 

Web  Attachments 

9 

Rivet  Shear 

+0. 026 

4-53 
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4.2.1 
1. 


MATERIAL  PROPERTIES. 


Graphite/ Epoxy  T300/934  — The  mechanical  properties  used  for  the  T300/934 
graphite/epoxy  system  selected  for  the  composite  assault  bridge  are  'A'  basis 
properties  derived  from  data  given  in  Reference  3 for  the  T300  fibers  in 
conjunction  with  a similar  epoxy  system,  i.e. , Narmco  5208. 


Unidirectional  Lamina  Properties 
Elastic  Constants 


Allowable  Strains  H in/in 


11 


"22 


12 


G 


12 


= 20. 5 msi 
= 1.47  msi 
= .30 
= 0.74  msi 


tu 


11 

cu 

11 

tu 

22 

cu 

22 


12 


= 8400 
= 9200 
= 7000 
= 9200 
= 15000 


Lower  Tension  Cap  Laminate  Properties  — The  mechanical  properties  of 
the  lower  tension  cap  laminate  are  derived  from  the  above  unidirectional 
lamina  data  using  GD/Convair's  laminate  analysis  program  (SQ5).  The  layup 


18  <V*“>W 


Elastic  Constants 


E = 

13.25  msi 

_tu 

F 

X 

X 

E = 

3.2  msi 

y 

X 

M = 

.694 

_tu 

F 

xy 

y 

G - 

2.43  nasi 

cu 

F 

xy 

y 

su 

F 

xy 

bru 

F 

Allowable  Stresses 

111000  psi 
122000  psi 


21200  psi 
27800  psi 
40900  psi 
110000  psi* 


♦based  on  data  from  Ref.  4 


Support  Web  Laminates  — The  properties  of  the  support  web  laminates  are 
given  along  with  the  web  analysis  in  Section  4.2.6. 
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2.  Kevlar/Epoxy  — The  mechanical  properties  used  for  the  181  Kevlar /epoxy 
fabric  are  taken  from  the  Dupont  "Kevlar  Data  Manual. " 


Elastic  Constants 

Allowable  Stresses 

E (warp) 

>4.0  msi 

tu 

F * 

73000  psi 

E (fill) 

= 4.0  msi 

„cu 

F 

21000  psi 

= 0.12 

_su 

F ■ 

16000  pel 

G 

* 0. 30  msi 

3.  Titanium  T1-6A1-4V  Annealed  — The  mechanical  properties  for  the  .02  inch 

thick  annealed  titanium  sheet  material,  used  as  interleaves  in  the  lower  tension 
cap  Joints,  are  'A'  basis  properties  from  MIL-HDBK-5B  Reference  5. 


Elastic  Constants 

Allowable 

Stresses 

E » 16. 0 msi 

F*  - 

134  ksi 

fi  - .31 

F*  - 

126  ksi 

G = 6.2  msi 

^cy 

F * 

132  ksi 

_8U 

F “ 

79  ksi 

bru 

F 

e/D  - 

1. 5 « 171  ksi 

e/D  = 2 

,0  = 208  ksi 

AISI  4340  Alloy  Steel-  H.T. 

= 200-210  ksi  — The  mechanical  properties  used 

for  the  AISI  4340  steel  fitting  are  specification  minimum  (S)  basis  properties 

from  MIL-HDBK-5B  Reference  5 as  follows: 


Elastic  Constants 

Allowable  Stresses 

E 

= 29. 0 msi 

F*  > 

200  ksi 

M 

= 0.32 

F*  = 

176  ksi 

G 

= 11.0  msi 

F°y  = 

181  ksi 

F ■ 

120  ksi 

bru 

F 

e/D  = 

1.5  = 272  ksi 

e/D  - 

2.0  = 355  ksi 
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4.2.2  INTERNAL  LOADS  ANALYSIS.  The  Internal  loads  in  the  composite  test 
section  of  the  assault  bridge  were  determined  by  a finite  element  analysis  which 
considered  the  existing  60  foot  aluminum  bridge  with  the  3M  composite  sections  insert- 
ed at  midspan.  The  analysis  was  conducted  using  GD/Convair's  version  of  the  computer 
program  SOLID  SAP,  which  is  based  on  a family  of  programs  developed  by  Professor 
Edward  L.  Wilson  of  the  University  of  California  at  Berkeley. 


Iioading  conditions  considered  included  loading  due  to  both  the  60T  tank  and  70T 
wheeled  vehicle  combined  with  deadweight,  braking,  wind,  and  mud  loads  as  specified 
in  Reference  2.  These  loadings  were  considered  in  conjunction  with  zero  and  maximum 
eccentricity  and  zero  and  maximum  (±1  in  10)  longitudinal  and  transverse  slopes  at  the 
bridge  supports.  A dynamic  factor  of  1, 15  was  applied  to  the  vehicle  loads. 


A computer  graphics  display  showing  the  overall  bridge  model  and  coordinate  system 
is  presented  in  Figure  4. 3.  Due  to  symmetry,  only  one  quarter  of  the  bridge  was 
analyzed,  the  applied  loads  being  separated  into  symmetric  and  antisymmetric  parts 
and  analyses  performed  for  each  part  with  appropriate  boundary  conditions.  The 
results  of  these  independent  analyses  were  combined  to  give  the  correct  total  loads  for 
each  condition.  A summary  of  the  critical  design  loading  conditions  is  presented  in 
Table  4-3. 


The  finite  elements  used  to  represent  these  bridge  members  and  the  derivation  of  the 
input  properties  are  given  in  the  following  sections. 


Internal  member  loads  are  presented  along  with  the  analysis  of  the  individual  compon- 
ents in  die  analysis  sections  of  the  report. 


4.2.2. 1 Elements.  The  assault  bridge  model  employs  three  types  of  elements: 
membranes,  beams,  and  plates.  Membrane  elements  include  quadrilateral  and 
triangular  plane  stress  elements  of  specified  thickness  and  arbitrary  orientation  with 
respect  to  the  3D  global  coordinate  system.  The  membrane  element  possesses 
temperature  dependent  orthotropic  material  properties  and  has  the  capability  to 
transmit  uniformly  or  nonuniformly  distributed  surface  loads,  loads  resulting  from 
thermal  strain  due  to  a bilinear  temperature  field,  loads  resulting  from  a gravity 
field,  and  uniform  surface  pressure.  The  computer  output  for  this  element  type 
includes  normal,  shear,  and  principal  stresses.  Membrane  elements  were  used  to 
simulate  the  webs,  bulkheads,  and  bottom  surface  of  the  bridge.  The  beam  is  a 
constant  cross-sectional  element  with  arbitrary  orientation  with  respect  to  the  global 
coordinate  system.  The  beam  element  includes  uniformly  distributed  gravity  loads, 
constant  temperature  changes,  and  the  capability  of  pin  ended  joints.  The  computer 
results  for  the  beam  element  are  three  forces  and  three  moments  at  each  end  of  the 
beam.  Beam  elements  were  used  to  simulate  the  truss  arrangement  of  the  assault 
bridge.  The  plate  element  includes  quadrilateral  and  triangular  elements  of  specified 
thickness  and  arbitrary  orientation  with  respect  to  the  3D  global  coordinate  system. 

The  plate  element  has  anisotropic  material  properties  (separate  bending  and  membrane) 


Table  4-3.  Summary  of  Critical  Design  Conditions  for  Army  Assault  Bridge 
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uniform  pressure  load  capability,  temperature  gradient  through  the  thickness  capa- 
bility, and  loads  resulting  from  a gravity  field.  The  computer  output  includes 
membrane  and  bending  stress  resultants.  Plate  elements  were  used  to  simulate  the 
deck  extrusion  of  the  assault  bridge. 

4. 2. 2. 2 Element  Properties.  Basically  all  members  of  the  aluminum  section  of  the 
assault  bridge  were  made  from  7000  series  aluminum;  therefore,  for  this  analysis, 
the  following  properties  were  used  for  all  elements: 

6 

E * 10. 5 x 10  psi 

G = 4. 0 x 10®  psi 

H = 0.33 

w * 0. 101  lb/in3 

« » 13. 0 x 10"6  in/in°F 

The  composite  test  section  was  modeled  to  represent  the  structure  illustrated  in 
Figure  4.4.  That  is  this  section  consists  of  an  aluminum  deck,  Kevlar/epoxy  webs, 
and  graphite/epoxy  lower  caps.  The  properties  for  the  composite  materials  are  as 
follows: 


Kevlar/Epoxy 

Graphite/Epoxy 

E11 

s 

4. 5 X 106  psi 

18. 0 x 10®  psi 

E22 

s 

6 

4. 5 x 10  psi 

1. 5 x 10®  psi 

°12 

= 

0.3  x 10® 

6 

0.6  x 10  psi 

M 

s 

0. 125 

0.32 

w 

s 

0. 048  lb/in3 

0.055 

a 

s 

0.0 

Membrane  Elements  — The  membrane  elements  for  the  aluminum  section  of  the 
bridge  represent  the  ramp  lower  surface,  webs,  and  bulkheads.  The  location  of 
these  elements  is  illustrated  in  Figure  4. 5.  These  elements  used  isotropic 
properties.  The  membrane  elements  for  the  composite  section  of  the  bridge 
employed  die  orthotropic  properties  option.  These  elements  represent  the  shear 
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F tgure  4. 4.  Corrugated  Web  Concept 


Figure  4.5.  Membrane  Elements  (Sheet  1 of  2) 
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properties  of  the  lower  cap  and  corrugated  web.  The  lower  cap  assumed  the 
properties  of  Kevlar/epoxy  whose  thickness  is  1. 08  inches.  The  properties  for  the 
corrugated  web  were  calculated  as  follows: 


A _ 3.045 
w 


6.3 


= 0.483  in. 


6 

E = 4.5  x 10  psi 

y 

E t = E (t  +t.) 
x y 1 2 

6 

E = 2.  85  x 10  psi 
x 

G „ = 0.3x  106  psi 

1Z 


Bar  Elements  — Several  different  cross-sections  are  used  on  the  aluminum  assault 
bridge.  The  cross-sectional  properties  are: 


1 


—i  (♦—*.» 


A » 6.09 

I » I - 50.27 
x y 


A = 11.0 

I - 96. 92 
x 

I » 14. 92 

y 
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Same  as  C. 


Average  cross-section  taken. 


A = 3.43 

I = I =15.90 

x y 

Same  as  F;  however,  area=  Area x 0.75  to  simulate  hemispheres. 

o-3 a = 6.63 

I =1  = 31.81 
x y 

Average  cross-section  taken 


H — *1 
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The  bar  elements  on  the  composite  section  of  the  bridge  represent  the  bending  stiffness 
of  the  lower  cap  and  corrugated  web.  The  properties  of  the  lower  cap  are  as  follows: 


/..« 

1 prrr  ■ 

r ' x 


l 


fo.  0 


* r 

A = 10.8 

12  = 1.05 

13  = 90.0 

J = 91. 05 

The  properties  which  simulate  the  bending  properties  or  the  corrugated  web  is  as 
follows: 


_i£L 

0.15 

0.15 

6.3 

1.75 

3.15 

3.15 

Jg_ 

> * , 

1 

2 

1 

© 

1 i 

3 

2.1 

0.15 

0.8 

' 

^ 1 

4 

0.15 

0.15 

0.875 

6.3 

0.437 

3.15 

*• 

1 

X 

. . ‘ • ‘ -■  f*.-  Ji 

5 

A = 

3.045 

6 

2.1 

0.15 

4.8 

I 

10. 553 

7 

0.15 

0.875 

5.425 

y = 

3.15 

A = 

0.01 

area  included  in  membrane  area 

I 10. 533 

= — x w = 

effective  i 6.3 


10  = 16.75 


Material  properties  assume  properties  for  Kevlar/epoxy  pseudoisotropic  layup. 


Plate  Elements  — Plate  elements  simulate  the  deck  extrusion  of  the  assault  bridge. 
As  noted  previously,  both  membrane  and  bending  properties  are  input.  The  material 
relationship  is  given  by: 
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For  the  deck  extrusion,  the  membrane  properties  are  calculated  as  follows: 

VW\T 

t*  —————————— 


M-| 

f[-t(v+y+*3(h2+i2,1/2) 


t - t + t9 
y 12 


Let  E » 10 
x 


ThenEy=Ex\E 


Let  a 3 • 3 

xy 


.3  E, 


U P 

yx  E 


Then  P 


'11 


. G, 


u E 

My  x 


21  1-1 


1-tyXy  12  l-uxuy 

G,_i  G 


’ G13  * °* 0 


Vy 


, _ 1 “ — , G * 0.0 

12'  22  1-u  u ’ 23 


'Vy 


31 


0.0,  G ■ 0.0,  G ■ ■ * 
’ w32  ’ 33 
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*Vy-°('i+v‘3  7^) 

(ti+t2+'3  (i2*l2,i/2) 


22 


For  tWa  extrusion  1 * 1.25 

h-  0.94  . 


Therefore 


• 

ti  - t2  - t3  » 0.125 

t * 0.41 

t =•  0.25 

X 7 

y 

E ■ 10 

E - 6. 2 x 10 

X 

y 

a * 0. 3 
Tt 

a = 0.186 

*7 

Gu* 

7 

10.  6 x 10 

6 

* 1.97x  10 

12 

°13  * 

0.0 

°21  ’ 

1. 97  x 10® 

G . - 6. 57  x 106 

22 

G23  " 

0.0 

°3l' 

0.0 

G32=0.0  • 

tt 

s 

o 

3.33  x 10 

For  properties  of  the  deck  extrusion,  calculate  as.  follows: 


D * Rigidity  of  the  two  plates  plus  corrugation 

11  a 


+ El  where  I » 0. 5 h2t 


12(1-m^) 


1- 


9.8L 


1 +2.5(h/21) 


D ■ Rigidity  of  the  two  plates 
22 

_ _ehL_ 


12(1-^) 


D » 2(1/3)G 
33 
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This: 


m 

"xDll 

D . 

m 

0.90  x 106 

D„_  - 0.27X106 

■ 0.0 

11 

12 

13 

0.27  x 106 

D ■ 0.8  x 10 S 

D„ 

■ 0.0 

21 

22 

23 

D 

m 

0.0 

-0.0 

D 

■ 0.138  X 10 

31 

32 

33 

4. 2. 2. 3 Boundary  Conditions.  Since  only  one-quarter  of  the  structure  was 
modeled,  it  was  necessary  to  impose  symmetric  and  antisymmetric  boundary  conditions 
to  the  center  lines  to  reflect  the  proper  loading.  For  a model  with  two  planes  of 
symmetry  there  exist  four  boundary  condition  combinations. 


The  possible  boundary  condition  combinations  are: 


Condition 

No. 

Plane  of  Symmetry 

1 

2 

I 

Symmetric 

Antisymmetric 

n 

Symmetric 

Symmetric 

m 

Antisymmetric 

Antisymmetric 

IV 

Antisymmetric 

Symmetric 

By  combining  these  four  conditions  it  is  possible  to  reflect  symmetric,  antisymmetric, 
and  asymmetric  loading  conditions. 

4. 2. 2. 4 Applied  Loads.  The  design  loads  and  load  combinations  for  the  assault 
bridge  were  evaluated  according  to  the  "Trilateral  Design  and  Test  Code  for  Military 
Bridging  and  Gap  Crossing  Equipment. " The  expected  critical  load  conditions  are 
summarized  in  Table  4 -3.  Added  loads  such  as  wind  and  mud  will  be  combined  with 
these  conditions  in  computing  the  defined  total  load: 

P * D + A + 0.8A„  + 0. 6A_  + 0.4A, 

12  3 4 

where  P is  the  total  load 

D is  the  dead  load 

A^  is  the  tank  or  wheeled  vehile  load 
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A Is  the  braking  or  skewing  load 
2 

A , is  the  mud  load 
4 

4.2.2. 5 Results.  The  internal  member  loads  from  the  finite  element  analysis  are 
presented  together  with  the  analysis  of  the  individual  components  in  the  following 
sections  of  this  report.  It  should  be  noted  that  a number  of  minor  changes  in  configura- 
tion, materials  and  gauges  were  made  as  the  design  study  progressed.  These  changes 
were  not  reflected  back  into  the  computer  model  to  update  the  internal  loads;  however, 
no  significant  error  in  the  internal  member  loads  is  expected  because  of  these  changes. 

4.2.3  LOWER  TENSION  CAPS.  The  bridge  lower  tension  caps  are  rectangular 
section  members  (0. 8 in  x 8. 0 in)  made  from  T300/934  graphite/epoxy.  The  layup  is 
comprised  of  60%  axial  (0s)  and  40%  ±45°  plies.  The  cap  section  is  analyzed  for  the 
maximum  axial  tension  from  the  finite  element  analysis.  A conservative  stress 
concentration  factor  (Kj.)  of  2. 0 is  applied  to  the  net  section  stress  at  the  small 
diameter  (1/4  in)  shear  web  attachment  holes. 

Design  Load  — The  maximum  cap  load  is  given  by  Condition  10  (70  ton  wheeled  vehicle 
at  midspan). 

P = 198620  lb.  limit 
max 


Fatigue  — Based  on  available  fatigue  data  for  notched  [0/±4S]  G/E,  Figure  4.6,  the 
expected  fatigue  life  under  fatigue  cycling  at  a net  section  stress  of  33103  psi  is 
greater  than  107  cycles.  Hence  the  basic  tension  cap  is  not  considered  fatigue  critical. 
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4.2.4  LOWER  CAP  JOINTS.  The  basic  cap  section  is  reinforced  by  symmetrical 
0.22  inch  thick  bonded  on  G/E  doublers  in  the  end  Joint  area  thus  bringing  the  total 
thickness  to  1.24  inch.  The  doublers  are  machine  tapered  over  a length  of  3. 5 inches 
to  minimize  the  stress  concentration  at  the  transition.  The  doublers  are  made  from 
the  same  G/E  material  as  the  basic  cap,  i.  e. , T300/934.  The  layup  is  comprised  of 
54. 5%  axial  (0*)  and  45. 5%  x 45°  plies.  In  the  end  fitting  attachment  area  the  . 02  inch 
thick  ±45°  pairs  in  both  the  doublers  and  cap  are  deleted  and  replaced  by  . 02  inch  thick 
titanium  (T1-6A1-4V)  Interleaves.  To  minimize  stress  concentrations  and  to  provide 
shear  continuity,  the  interleaves  are  introduced  in  symmetrical  pairs  over  a 3. 0 inch 
transition  length  as  shown  in  Figure  4. 7.  The  analysis  of  the  bolted  attachment  to 
the  interleaf  reinforcec  cap  is  based  on  the  method  presented  in  the  AFML  Advanced 
Composites  Design  Guide,  Reference  4.  A fitting  factor  of  1.25  is  applied  in  the  joint 


T 

ato’ 


, x-m-vS  */y*M*r  (it) 


Figure  4. 7.  Interleaf  Joint 
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4.2.4. 1 Design  Loads.  The  critical  design  loads  on  cap  joints  from  the  finite 
element  analysis  of  the  bridge  are  presented  below  for  the  maximum  bending  and 
maximum  shear  conditions  respectively.  Due  to  offsets  of  the  end  lug  from  the 
vertical  and  lateral  cap  supports  local  moments  act  on  the  joint  in  addition  to  the  axial 
tension  load  (see  Figure  4. 8). 


Combined  axial  and  shear  loads  on  joints  (limit)  from  the  finite  element  analysis  of 
the  bridge 


Condition 

No. 

Cap  'A' 

Cap  ’B’ 

P 

X 

(lb) 

S 

y 

(lb) 

S 

z 

(lb) 

P 

X 

(lb) 

S 

y 

(ib) 

Sz 

(lb) 

1 

182611 

-4425 

-23610 

185110 

3500 

-14276 

167636 

-12000 

175112 

3018 

-25276 

168276 

-4374 

-29376 

175107 

3401 

182611 

-4424 

-23610 

185110 

3500 

-14276 

5 

179655 

-3394 

-23206 

188412 

3947 

1964 

6 

179655 

-3394 

-23206 

188412 

3947 

1964 

7* 

74870 

-1513 

17561 

71642 

1020 

4784 

8* 

66143 

-564 

25983 

70417 

564 

-5467  | 

9* 

68513 

-1347 

28143 

81564 

-234 

-4287 

10 

194050 

-3444 

-17452 

198395 

4046 

-4656 

11 

179655 

-3394 

-23206 

188412 

3947 

1964 

Critical  Conditions 

Max.  axial  load  Condition  10 

Max.  vertical  load  Condition  3 

Max.  lateral  load  Condition  1 

•Note  Conditions  7,  8 and  9 give  rise  to  maximum  vertical  shear  loads  at  Station 
480.9. 
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Maximum  vertical  shear  loads  with  end  support  at  joint  — Station  480. 9 inch  as 
illustrated. 

(limit  loads) 


3(.S./ 


Vertical  and  transverse  shear  loads 
acting  on  the  attachment  lug  give  rise  to 
local  bending  moments  on  the  joint  in 
addition  to  the  axial  tension  load.  See 
joint  diagram  Figure  4. 8. 

The  moments  are  given  by: 


Cond.  No. 


Cap  ’A’ 

Cap  'B' 

sz 

sz 

(lb) 

(lb) 

35537 

14862 

52813 

-5097 

53083 

-1284 

M ■ 2.25  S 

y z 

Mj  = 3.575  S 


The  joint  is  analyzed  for  an  equivalent  axial  load  which  gives  rise  to  the  same  peak 
stress  on  the  critical  net  section  at  the  first  pair  of  attachment  bolts  (Section  A-A, 
reference  Figure  4. 8). 

For  the  section  shown  ' 1 ^ 

1.24  x 8. 03  1. 24  x 1.25  X 4^  4 Jl 

I = — =40. 51  in  _ A,r 

y 12  2 — -T- 

3 1 ^ 


(8.0  - 2 X 1.25)1.24 
12 


= 0. 874  in 


P = P + 
equ  x 


tf  C M C 

JL*  __LJ 

I I 

y z 


i ■ 


4.0  M 


= p + ■*-  + 

x 40.51 


0.62  M 


= P + . 0987  M + . 7094  M 
x y z 


For  the  most  critical  conditions  the  end  moments  and  equivalent  axial  loads  are: 
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Condition 

No. 

P 

X 

S 

y 

S 

z 

M 

y 

M 

z 

P 

eqv 

1 

182611 

-4425 

23610 

53122 

15819 

199076 

3 

168276 

-4374 

29376 

66096 

15637 

185892 

9 

- 

- 

53083 

119436 

- 

11788 

10 

198395 

4046 

4656 

10476 

14464 

209690 

4. 2. 4. 2 Interleaf  Joint  Analysis.  The  lower  cap  ends  are  reinforced  by 
26  - . 020  inch  thick  titanium  interleaves  in  the  joint  area  as  shown  in  Figure  4.7. 
The  interleaves  replace  the  ±45°  plies  in  the  basic  cap  and  reinforcing  doublers 
leaving  the  axial  (0°)  plies  continuous.  The  interleaf  joint  analysis  is  based  on  the 
method  presented  in  the  AFML  Advanced  Composites  Design  Guide,  Reference  4. 
A fitting  factor  of  1.25  is  applied  to  the  cap  loads  in  the  joint  area. 


Design  Load  = 209700  lbs.  (limit) 


A 


-e  $ 
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Bolt  Shear  Out 
.so 


m 


_su 


m 

so 


g/e 

» 

net  area  of  continuous  G/E  laminate 

tu 

F 

m 

= 

tension  ultimate  of  metallic  interlayers 

= 

134000  psi 

tu 

g/e 

= 

tension  ultimate  of  continuous  G/E  layers 

3 

172200  psi 

ptU 

net 

= 

0.4  [26  x .02(8.0- 2. 5)(134000)  + .88(8.0- 

=* 

486675  lbs. 

TVT.S. 

ptu 

net  486675 

(U.  F.  )(Kj)P 
+0.24 


1.5  x 1.25  x 209700 


. nso , , _su  , . nso so 


Pnet  * (Am 
where 


nso 


= net  shear  out  area  of  metallic  interlayers 


= (2e-D)t  /bolt 

m 


nso 


g/e 


= net  shear  out  area  of  continuous  G/E  layers 


(2e-D)t  . /bolt 
g/e 


= shear  ultimate  or  metallic  interlayers 


g/e 


shear  out  ultimate  of  G/E  layers 


Neglecting  the  shear  out  strength  of  the  unidirectional  G/E  material 


.so 


P~  = (2  x 2 - 1.25)(26  x . 02)(79000) 

net 


= 112970  lbs/bolt 

Assuming  55%  of  the  load  is  carried  by  the  end  bolts: 
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209700 


X 1,1  = 57667  lbs. 


Bearing 


M.S.  (shear  out)  = 


. br 


Ss° 

net 


(U.  F.  )(Kf)P 


-1  = 


112970 


1.5  X 1.25  x 57667 


-1  = +0.04 


A = bearing  area  of  metallic  interlayers  = D‘t 


m 


m 


V® 

,bru 
' m 


Jbru 

g/e 


bearing  area  of  continuous  G/E  plies  = D ‘ t 

bearing  ultimate  or  metallic  interlayers 
197000  psi 

bearing  ultimate  of  G/E  laminate 


g/e 


Neglecting  bearing  on  the  unidirectional  G/E  layers 
bru 

P = 1. 25  x 26  x .02  x 197000  = 128050  lbs  /bolt 

load/bolt  = 57667  lb. 


bru 


M.S.  (bearing)  = 


Bearing  Yield  Analysis 


-1  = 


128050 


(U.  F.  )(K^)P  1.5x  1.25x  57667 


-1  = +0.18 


Fbry  = 171000  (T1-6A1-4V  annealed  e/D  = 1.5) 

m 


bry 


1.25  x 26  x .02  x 171000  = 111150  1b. 


M.S.  (bearing  yield)  = 


111150 


1.33  X 1.25 x 57667 
4.2.4. 3 Steel  Splice  Fitting  Analysis. 

Material:  AISI  4340  steel  H.T.  = 200-210  ksi 

Design  Load  = 104850  lb/fitting 


-1  = +0.16 
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*9 


End  Lug  Analysis  — The  lug  analysis  is  based  on  the  method  given  in  the  GD/Fort  Worth 
Structures  Manual  (Reference  7 ). 


1.  Tension  on  Net  Section 


= K • o ’ a. 

t tu  t 

X.  = 

- = ~ — 7-j-  = 0.35 

W 2x2.47 

= .88  x 200000x  3.13 

Kt 

= 0.88 

= 550880  lb. 

At  = 

t(W-D)  = .98(2  x 2.47-  1.75) 
2 

3. 13  in 

550880 

M.S.  (net  tension)  = — — . . . -1 


1.5x104850 
= +2.50 


2.  Lug  Yield  Load 


e/D 


2.47 


1,75 


= 1.41 


•••  v = 1-4 


Kyj  = 1. 4(1. 75X.  98)  x 175000  = 420175  1b. 


t>y  br  ty 
P 

M.S.  (yielding)  = 


1.33P 


= 


420175 


1.33  x 104850 


_1  = +2.01 


_ . .. 
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Shear  Tearout,  Bearing,  Hoop  Tension 


= 1.54 


= 1.63 


••  "St 


= 1.5 


Pbru  "Snr’  °tu‘  \r 

= 1.5  x 200000(1.6  x .98)  = 470400  lb. 


M.S.  = 


_bru_  = . 470400  = 

1.5P  1.5x  104850 


Section  A-A 


Axial  Tension  Load  = 104850  lb. 

Considering  the  left  hand  I 

portion  of  the  section  as  1 

shown 

-T— 

A = .45(4.0-1.15) 

+.  5(.  98-.  45)  - 1. 09  x .1 
2 

= 1.39  in 


_|/o9L. 


/o' 


Section  A-A 


Load  on  half  section  = . 5 x 104850  = 52425  lb. 


52425 


= 37715  ksi 


Ftu(4340  steel)  = 200000  psi 


M.S.  = , ■ - -1  = +Hi 

1 • 5 I ^ 

Bearing  at  Attachment  Holes 


Bearing  Stress 


_L 


*br 


Section  B-B 


Assuming  a peaking  factor  of  1. 1 
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Max.  Bolt  Shear  = 104850  x .25  x 1.1  = 28834  1b. 


28834 


• r = -wwm*  » 

r>r  1.25  x . 


= 79541  psi 


e/D  ■ rh  ‘ 1-6 


F,  - 255  ksi 
bry 

Fl  = 272  ksi 
bru 


Ref.  5 


F F 

Since  ~~~  < T~^  ultimate  bearing  is  critical 
1.5  1*33 

Dru  . 272000  . . „„ 

..  M.S.  (bearing)  - -1  - 1-5x79M1  -1  * iii2» 

Fatigue  Analysis  — The  required  fatigue  life  of  the  bridge  components  is  15000  cycles 
at  limit  load. 

Section  A-A 

The  peak  stresses  at  the  bolt  holes  at  Section  A-A  are  evaluated  by  superimposing  the 
peak  stresses  due  to  the  stress  transmitted  across  the  holes  and  the  bearing  stress  at 
the  attachment  hole.  Elastic  stress  concentration  factors  obtained  from  Reference  6 
are  used. 


Assuming  50%  of  the  load  at  Section  A-A 
is  transmitted  to  this  second  pair  of  bolts  ^ 


f = .5  ft  = .5  X 37715 
trans 

= 18857  psi 


From  Reference  6 Figure  69  with 


Again  assuming  equal  load  on  all  bolts 


P 104850  

f = = = 46600  psi 

br  N.D.t  4xl.25x.45 


■H 


= .31 
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From  Reference  6 Figure  83  with  — = 0.31 

■S.  - l-“ 

f = f • K +1  * K = 18857x  2.35  +46600x  1.54 
max  trans  t Dr  Dr 

= 116078  psi 

From  S-N  curve  for  unnotched  200  HT  - 4340  steel  (Figure  4. 9)  with  f = 
116078  psi.  The  expected  fatigue  life  (N)  >107  cycles  max 

The  section  is  not  fatigue  critical. 

Bolts  - End  Fitting  to  Cap  — End  fittings  are  attached  to  reinforce  ends  of  gap  by  four 
1-1/4  - inch  diameter,  125  K.  S.  I.  bolts  in  double  shear. 


Design  Load  on  Joint  = 209700  lb.  (limit) 
Assuming  a peaking  factor  of  1.2 


209700 

Maximum  Bolt  Load  = — x 1.2  = 62910  lb. 

4 

Double  shear  strength  of  1 1/4  inch  diameter,  125  ksi  bolt  = 92000  x 2 = 184000  lb. 


M.S.  = 


ult 


-1  = 


184000 


(U.F.)(Kf)S  1.5  x 1.25  x 62910 


-1  = +0.56 


4.2.5  WISHBONE  FITTING  ANALYSIS.  - Material  7075-T73 . These  fittings 
located  on  the  end  bulkheads  at  each  lower  tension  cap  serve  to  transfer  shear  load 
from  the  lower  cap  end  fittings  into  the  adjoining  shear  webs. 

Design  Loads  — The  critical  design  loads  are  given  by  Condition  9 with  the  bridge 
supports  at  the  end  of  the  composite  section  as  illustrated  in  Figure  4. 3. 

The  design  limit  vertical  shear  at  the  end  joint  is  53083  lb. 

Moment  due  to  the  1. 0-inch  offset  of  the  applied  load  from  the  face  of  the  cad  bulkhead 
is  assumed  reacted  by  a concentrated  couple  load  at  the  attachment  pin  and  by  a 
triangular  distribution  of  bearing  load  on  the  fitting  flange  as  illustrated  in  Figure  4. 10. 
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Figure  4.  9.  Fatigue  S-N  Curve  for  AISI  4340  Steel 


R *D*t 
bru 


= 134000xl.0xl.24  = 166160^. 

166160 

M.S.  (bMTtag)  - 530Mxl-5  -l-JiiM 
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Section  A-A  (see  Figure  4. 10) 
Section  Properties 


Item 

A 

y 

V 

1 

.78 

1.0 

.78 

.78 

2 

.3713 

.135 

.0501 

.0068 

1. 1513 


*y  V ^o_ 

.78  .78  .260 

.0501  .0068  .0023 

.8301  .7868  .2623 

= 0.721  in. 


I = LA  + Li  - LA  • V = 0.4506  in 
y o y J 


Loads  on  Section  (limit) 


Axial  = -46000  lb. 

Shear  = 4181  lb. 

BM  = 4181  x 8 - 46000  x . 721 
= 282  in.  lb. 


T 


-l  r* 


i 

L — x — i.  » 

I / I *-270 


Section  A-A 


o3*- 

— 8- o — 


Stress  in  Vertical 


P_  Mjh-J) 
“ A ” I 

-40755  psi 


46000  _ 282 (2.0 -.721) 
1.1513  " .4506 
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1 1/2  v-.81 


0.57  F 


GO  ?)' 

«««  //  54000  \1/2 . 1.865V 

\\10.3x  106/  .39  / 


0. 57  x 54000 


72670  psl 


Use  cutoff  stress  = 1. 15  F = 1. 15  x 54000  = 62100  psi 

cy  


62100 

..  M.S.  = ml  s +o.oi6 

40755  x 1. 5 


Stress  In  Horizontal 


P M?  -46000  282  x . 721 

f s — + ■ = — + " 

A I 1.1513  .4506 


-39503  psi 


For  7075-T73  Al 

F = 54000  psi 
cy 

E = 10. 3 x 106  psi 


1/2  .-.  81 


JEf) O' 

1/2  - 81 

- . 57  X j hm  ^ = 69060  psl 

Use  cutoff  stress  * 1. 15  F = 1. 15  x 54000  = 62100  psi 

cy  


. ..  _ 62100  . 

M.  S.  M 1 -1  = +0. 048 

39503x  1.15  » — 

Attachments:  Fitting  to  Beam  Web 


8 - 3/8  inch  diameter  Ti  lockbolts 


Design  Shear  Condition  9 = 46000  lb.  (limit) 


, 46000 

Shear /Attachment  * ~ — = 575^b. 
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Slagle  Shear  Strength  = 10490  lb. 


M.S.  (shear) 


10490 
1. 5 x 5750 


-1  - +0.21 


— The  minimum  thickness  of  the  tapered  flange  is  0. 18  inch. 


F.  -D-t 
bru 

134000  x .375x  .18  = 9045  lb. 


M.S.  (bearing 


5750 x 1.5 


-1  - +0.049 


7*7  C -7 71 


Bearing  in  G/E  end  bulkhead  and  7075-T73  angle. 
Neglecting  . 01  Kevlar  faces  on  G/E  bulkhead 


±'s 


f/7r/7s(i 


= Thru  •D<t) 

= 110, 000  x .375(.2-.02)  + 134000  x .375x  .15  = 14962  lb. 


M.S.  (bearing) 


14962 
1. 5 x 5750 


-1  = +0.73 


4.2.6  SHEAR  WEBS.  The  composite  shear  webs  are  comprised  of  a basic  0. 10- 
inch  thick  corrugated  web  with  flat  reinforced  end  bays  stabilized  with  aluminum 
stiffeners.  The  graphite  material  system  considered  is  T300/934.  The  layup  is 
(02/±453)s  with  . 01-inch  thick  outer  plies  of  181  Kevlar  cloth  oriented  at  ±45°  for 
increased  damage  tolerance. 

The  basic  corrugated  webs  are  analyzed  for  the  maximum  transverse  compression 
edge  load  given  by  the  maximum  single  wheel  loading  condition  and  for  the  maximum 
combined  shear  and  transverse  compression  loads  given  by  the  maximum  single  wheel 
load  condition.  The  reinforced  end  bays  are  analyzed  for  the  local  peak  loads  existing 
in  the  outboard  webs. 

Analyses  are  presented  for  local  and  general  instability  in  addition  to  static  strength 
analyses  considering  ballistic  damage  due  to  penetration  of  the  web  by  a 0. 5-inch 
diameter  projectile.  Analyses  for  the  longitudinal  and  vertical  shear  web  joints  are 
also  given. 

4. 2 . 6. 1 Laminate  Properties. 


Basic  Web  Laminate 

Material  System:  T300/734  graphite/epaxy,  181  Kevlar  fabric. 
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The  web  laminate  is  designed  to  support  transverse  compression  and  shear  loads, 
hence  the  laminate  is  made  up  from  0°  plies  for  transverse  strength  and  ±45°  plies  for 
shear  strength  and  stiffness.  Since  the  corrugated  configuration  makes  the  web 
ineffective  for  longitudinal  loads,  due  to  bending,  no  90°  plies  are  used.  The  G/E 
layup  (±453/02)3,  t = . 08  inch,  is  comprised  of  25%  (0°)  plies  and  75%  (±45°)  plies. 
Outer  plies  of  . 01  inch  181  Kevlar  at  (45s)  added  for  improved  damage  tolerance  bring 
the  overall  thickness  to  0. 10  inch.  The  G/E  laminate  includes  both  . 01  and  . 005  inch 
plies  to  provide  a balanced  symmetrical  laminate  of  minimum  weight  and  cost.  The 
laminate  ply  stacking  sequence  designed  to  optimize  the  web  buckling  characteristics 
is  as  follows. 


Material 

Orientation 

181  Kevlar 

±45° 

T3 00/734 

45° 

I 

Ol 

O 

-45° 

0s 

45s 

* 

45° 

0s 

-45s 

-45s 

T300/734 

45s 

181  Kevlar 

*45° 

The  mechanical  properties  of  the  web  laminate  as  derived  from  lamina  properties 
using  Convair's  laminate  analysis  program  (SQ5)  are  as  follows. 

Elastic  Constants 


5. 965  x 10  psi 
6 

3. 29  x 10  psi 
0.74 


c 

: 4* ! 

1 

L 

m 

_ 

j 

\ 

3.69x  10  psi 


Allowable  Stresses 


50120  psi ' 


54890  psi 
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F = 23000  psi 

y 

F ^ * 32060  psi 

y 

F 8U  = 51660  psi 

xy 

The  handing  stiffness  matrix  required  for  web  buckling  analyses  is: 

/447.9  272.3  -40.7  / 

358. 53  -40. 7 / 

277.8/ 

Reinforced  End  Bays  = 0.20  in. 

The  basic  web  laminate  is  doubled  to  provide  the  reinforcement  required  at  the  end 
bay  locations.  Hence  the  strength  and  elastic  constants  previously  given  for  the  basic 
web  are  applicable. 

The  bending  stiffness  matrix  (D)  required  for  the  web  buckling  analysis  is  as  follows: 


5166.5  2286.3  -81.4 

3072.3  -81. 4/ 

2401/ 


Orientation 

4. 2. 6. 2 Design  Loads.  The  shear  loads  in  the  web  panels  for  the  three  critical 
shear  conditions  are  given  in  Table  4-4.  Tte  critical  design  loads  are  given  by  Condition 
9 in  the  outboard  shear  web.  Since  significant  peaking  is  shown  in  the  end  bay  panels, 
the  basic  corrugated  web  is  designed  to  support  a maximum  shear  loading  of  800  lb/in. 
The  end  bay  panels  being  reinforced  to  support  the  local  peaks.  The  associated 
transverse  compression  load  intensify  is  a uniform  411.0  lb/ln.  However,  in  addition 
the  webs  are  analyzed  for  a peak  transverse  compression  load  of  525. 0 lb/in.  arising 
from  the  maximum  single  wheel  load.  (Condition  17) 


i 

1 

Support  Webs:  Design  Loads  Summary  (limit) 


Max.  Shear  Cond. 


Max.  Trans.  Ld.  Cond. 


Item 

iasic  Corrugated  Web 

800 

411 

0.0 

525 

leinforced  End  Bay 

1400 

411 

0.0 

525 
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Shear  Loading  (N  ) in  support  panels  for  max  shear  conditions, 
xy 


*\*  A & 


Table  4-4.  Shear  Loading  in  Support  Panels 


Shear  Loa 


Cond.  8 

Cond.  9 

WEB  'B' 

96 

141 

256 

289 

276 

309 

302 

335 

327 

360 

346 

379 

347 

374 

339 

373 

336 

369 

152 

226 

546 

621 

413 

498 

442 

536 

480 

576 

533 

630 

569 

664 

575 

667 

609 

695 

691 

767 

1196 

1360 

4. 2. 6. 3 Buckling  Analysis  — Corrugated  Web.  The  web  is  analyzed  for 
buckling  under  maximum  transverse  loading  and  for  transverse  loading  combined 
with  maximum  shear; buckling  of  the  individual  plate  elemonts  comprising  the  web 
corrugations  is  considered  in  addition  to  column  and  general  ^hear  instability. 

1.  Basic  Corrugated  Web 


Plate  Buckling  — The  4. 0 inch  wide  plates  forming  the  crown  of  the  corrugation  are 
critical.  The  analysis  is  made  for  an  infinitely  long  simply  supported  orthotropic  plate. 
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The  critical  buckling  load  under  transverse  compression 
load  is  given  by: 


358. 53(272. 3 + 2 x 277. 76)  { 11. 7 + . 532  x 4843  + . 938  x 4843  } 


Maximum  transverse  compression  loading 


A single  corrugation  is  considered  as  a pin  ended  Euler  column. 
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Corrugation  Section  Properties 


A = 


. 10(8.0  + 2 x 1.9  x 


= 1.34  in 


V_  + bV 

2 + 12 


P = 


2 2 6 
n El  ff  x 5.96  x 10  x .8836 


= 44691  lb. 


i 34 

Use  plate  buckling  stress  as  cutoff. 

P = N -S  = 1515. 7(8.  0 + 2 x 1. 9 x */2)  * 20270  1b. 
e x " 

cr 

Max.  transverse  load/ corrugation  = 525x  11.8  = 6195  1b. 


20270 

- M-S*  = ilii-1  = tUI 

Web  General  Instability  Under  Shear  Loading 

Overall  shear  instability  analysis  is  based  on  the  method  given  in  NASA  TN  D-242. 
Zero  rotational  restraint  at  the  edges  is  assumed. 


Longitudinal  Bending 
Stiffness  of  Web  (D^) 


’ D22*T 


S = (2'^ 


11  8 

= 358. 53  x— 7—  = 315.72  in.  lb. 
13.4 

= .31572  in.  kips 
Transverse  Bending  Stiffness 
E I 

<°2>  = f"  +D11 
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5. 96  x 10  x .8836 


+ 447. 92  = 446740. 8 in.  lb. 


= 446.7408  in.  kips 


4 VD1D2 

N = ' - (K  ) K =8.0 

xy  2 s s 

cr  b min 


(4  V . 31572  x 446. 7408  18. 0 


Combined  Shear  and  Compression  Loadir 


= 2.017  kips/in 
= 2017  lb/in 


From  Condition  9 


N = 800. 0 lb/in 

^ . limit 

N = 411. 0 lb/in 

x 


Plate  Buckling  Analysis  — 4.0  inch  wide  plate 

The  M.S.  for  combined  shear  and  compression  is  given  by 


M.S.  = 2 -1 

R +R 
c s 


where  R = — 
c N 


411  x 1.5 
1515.7 


= 0.4067 


t = SL.  = 

s N 


1.5  x 800 
1659 


= 0.7233 


M‘s-  (Plate  buckling)  = # = ^2I5 
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■ 

General  Instability 

Similarly  for  general  instability 


*.  - f 

e 


411.  Ox  1.  5 x 11.8 
20270 


= .3589 


N 


R = 
s 


J£L 


N 


xy 


800 x 1.5 
2017 


= .5949 


cr 


M.  S.  (general  instability)  = 


.3589  + .5949 


-1  = +0.40 


4. 2. 6. 4 Buckling  Analysis  — End  Bay  Webs.  The  reinforced  end  bays  are 
analyzed  for  local  and  general  instability  under  the  maximum  transverse  compression 
loading  and  for  maximum  shear  combined  with  transverse  compression. 

Buckling  of  individual  6. 0 inch  wide  panels  between  stiffeners 

1.  Transverse  Compression  — The  6.0  inch  wide  panels  are  analyzed  as  infinitely 
long,  simply  supported  orthotropic  plates. 


The  critical  compression  loading  is  given  by: 
N - 


cr 


2 It 


VD  D + D + 2D 
V 11  22  12  66 


Ref.  4 


3o‘ 

A 


-v/5166.5  X 3072.3  + 2286.3  + 2 x 2401 


— 1 


2. 


6.0 

.-=  6071  lb/in 

Shear  Instability  — The  shear  analysis  is  also  made  for  infinitely  long,  simply 
supported  orthotropic  plates. 

The  critical  shear  loading  is  given  by: 

v2 


N = 

xy 

cr 


(!)  tU.7  ..532e+.93862} 
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where  0 = 


^22 


D + 2D 
12  66 


<1.0 


y~5166. 5 x 3072.3 


2286.3  + 2 x 2401 


= 0.5621 


N = ( -)  J 3072. 3(2286. 3 + 2 x 2401){  11. 7 + . 5324  x . 5621 

^cr  ' ® ' 2i 

+.938X  .5621^} 


= 6375.3 


Maximum  Transverse  Compression 


N = 525  lb/in 

x 


N = 0.0 

xy 


6071 

M.S.  = - -,-1.0 


525 x 1.5 


= +HIGH 


Combined  Shear  and  Compression 


N = -411. 0 lb/in 


limit 


N = 1400. 0 lb/in 

xy 


N 


R = — 
c N 


1.5  x 411 


6071 


= .102 


cr 


N 


R = 


AV_ 


1.5  x 1400 


s N 


xy 


6375.3 


= .33 


cr 


M.S.  = 


-1  = +3.74 


. 102  + . 33 
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General  Instability  Analysis 


The  General  Instability  Analysis  of  the  stiffened  web  are  based  on  the  method  given 
in  Reference  4. . The  web  is  conservatively  analyzed  as  a long  (a/b  = ®)  simply 
supported  orthotropic  plate.  The  transverse  bending  rigidity  of  the  web  is  increased 
to  account  for  the  bending  rigidity  of  the  web  stiffener. 


For  the  0. 2 inch  thick  reinforced  web 


5166.5  \ In  the  buckling  analysis  D is  defined  in  tie 'X' 

I direction  a s shown.  For  the  web  properties 
= 0072  3 f 

\ listed  D1;l  is  in  the  transverse  direction.  Hence 
2286.3  l D and  D are  exchanged  in  the  analysis. 

| 11  Za 


= 2401  0 


The  overall  bending  rigidity  D22  for  the  stiffened  web  is  given  by 

E_/b  t(a)2+ 1 + A_-r~  (b)^ 


where  a and  b are  the  distances  from  the  centroid  of  the  skin  and  stiffener  respectively 
to  the  centroid  of  the  combined  section. 


D = 5766. 5 + — 

Mtmt 

= 1. 835  x 106 


3.965  x 106(  6.  Ox  .2(.654)2  +.  339(^|V.48(^|)  (.  946) 


Shear 


Gtin  D3_f4(e.  125*5#) 
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where  8 


7°  11P22 
D12+2D66 


>1.0 


3072.3  x 1. 835  x 10° 

2286.3  + 2 x 2401 


= 10.593 


3 1/4 


= ^ ( 3072.3  X (l.  835  x 106)  ) (8. 125 


10. 593 t 


= 14190.4  lb/in 


Compression 


Treating  web  as  a plate  column 

N = 2LP  = ff  1. 835  x 10  = 2Q123  lb/in 

x 2 2 

cr  6 30 

For  combined  compression  and  shear,  the  margin  of  safety  is  given  by: 


M.S.  = 5 -1 

R +R 
c s 


411  x 1.5  noi  _ 1400  x 1.5  _ 

Rc  ~ 20123  ~'°31  Rs  14190.4 


M.S.  = 


-1  = + LARGE 


.031 + .148 


4.2.6. 5 Ballistic  Damage  Analysis.  Ballistic  damage  due  to  penetration  of  the 
web  by  a 0. 5 inch  caliber  round  is  considered ;•  peak  strains  at  the  edge  of  the  resulting 
hole  are  computed  assuming  a stress  concentration  factor  (K^)  of  3. 0 in  conjunction  with 
the  maximum  lamina  strains  resulting  from  combined  transverse  compression  and 
shear  loads. 

Basic  Corrugated  Web  t = 0. 10  inch 

w 

Ultimate  applied  loads  condition: 

Ny  = -616  lb/in 

N = 1200  lb/in 
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From  laminate  analysis  program  (SQ5)  the  maximum  fiber  strain  is  found  in  the  plies 
at -45° 


001852  in/in 


Allowable  compression  strain  (C  ) = -0.0092  in/in 


.0092 

3 x . 001852 


Ultimate  applied  loads  condition: 


From  laminate  analysis  program  (SQ5)  the  maximum  fiber  strain  in  the  -45s  lamina 
is: 

€ = -.  001490  in/in 

max 

Allowable  compression  strain  (-<  ) = -0.0092  in/in 


3 x . 001490 


4. 2. 6. 6 Web  Attachments 


buck  Ti  rivets 


Design  Loads 

Condition  9 


id. 

4-  4 

4 4 

, + 
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t 
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Attachments  at  4. 0 inch  flat  are  critical. 


Vertical  Shear/Attachment  = 411  x 4/6  = 274. 0 lb. 
Horizontal  Shear/Attachment  = 800.0x  4/6  = 533.3  1b. 


2 2 1/2 

Resultant  Shear  = (274  + 549  ) = 600  lb. 


Single  Shear  Strength  (95  ksi  Ti  Cherry  Buck)  = 2694  lb. 

2694 


'•  M-s«  (rivet  shear)  = 1>5x  600  -l  = 
Bearing  strength  in  0. 16  inch  7005-T53  edge  member 


= D.t.F, 


bru 


= . 19  x . 16  x 71800  * 2183  lb. 

Bearing  strength  in  G/E  web 


Neglecting  outer  . 01  inch  Kevlar  plies,  i.  e. , consider  bearing  in  . 080  inch 


(02/±453)  G/E  only 


= D.T.F. 
bru  bru 


= . 19  x . 08  X 110,  000  = 1672  lb. 

1672 


' M-S*  (bearing)  = _1  = UtM 

Attachments  to  Lower  Cap:  1/4  inch  diameter  Ti  hucks  at  1. 5 inch  spacing 
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Design  Loads 


N 


N 


xy 


= 411. 0 lb/in 
= 800. 0 lb/in 


Vertical  Load/Attachment  = 411  008(19°)  x 1. 5 = 583  lb. 

Tangential  Load/Attachment  = 800x  1.5  = 1200  lb. 

2 2 1/2 

Resultant  Load/ Attachment  = (583  + 1200  ) = 1334^. 

Bearing  Strength  in  (0  /±45)  G/E  cap 

u 

= F,  D.t 
bru 

= 110, 000  x .25  x .25  = 6875  lb. 


M.S.  (bearing)  = 


68Z&. 


1.5  x 1334 


-1  = +2.40 


Single  Shear  Strength  - 1/4  inch  diameter  95  ksi  shear  Ti  Huck 
= 4660  lb. 


M.S.  (shear)  = 


4660 


1. 5 x 1334 


-1  = +1.3 


Longitudinal  Joints:  End  Bays 

Attachments  web  to  connector:  two  rows  of  3/16  inch  diameter  Ti  Cherry  Buck 
rivets  at  1.2  inch  maximum  spacing. 

Design  Loads 

Condition  9 


N = -411.0  Ib/in 

y 

N = 1400. 0 lb/in 


limit 


xy 


Vertical  Shear /Attachment  = 411.0x  1.2  = 493.2  lb. 
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Horizontal  Shear /Attachment  = 1400  x 1. 2 = 1680  lb. 


2 2 1/2 

Sr  = (493.2  + 1680  ) = 1751  lb. 


Bearing  Strength  in  G/E  web  = D.t.  = . 19  x . 16  x 110000  = 3344  lb. 


Single  Shear  Strength  (95  ksi  shear  Ti  Cherry  Buck)  = 2694  lb. 

2694 


M.S.  (rivet  shear) 


1.5  x 1751 


-1  = 0.026 


Attachments:  Lower  connector  to  G/E  cap,  1/4  inch  diameter  Ti  Huck  bolts  at 
1. 5 inch  spacing 


Vertical  Shear/Attachment  = 411  x 1. 5 cos(A)  = 583  lb. 


Horizontal  Shear /Attachment  = 1400  x 1. 5 = 2100  lb. 


= (5382  + 21002)1*2  = 2179  lb. 


Single  Shear  Strength  (1/4  inch  diameter  Ti  Huck)  = 4660  lb. 
Bearing  Strength  in  G/E  cap 


= P,  = D.  t F.  Since  t > D use  D 

bru  bru  cap 


= .25  x 110000  = 6875  lb. 


M.S.  (shear)  = 


4660 


1.5  x 2179 
Transverse  Joints  at  End  Bays 


-1  = +0.42 


Attachment  - A single  row  of  1/4  inch 
diameter  Titanium  lockbolts  at  1. 5 inch 
spacing. 


Design  Shear  Loading 


7*>7iT-^'73 


./ s 


20 


N 


xy 


1400  lb/in  (limit) 


r • 


Load/Attachment  = 1400  x 1.5 
= 2100  1b. 


■SotPi^O/Tr 


1 
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Single  Shear  Strength  1/4  inch  diameter  Ti  Lockbolt  (F  =95  ksi) 

su 


4660  lb. 


Bearing  in  . 20  inch  Composite  Web 


Neglecting  the  inner  and  outer  Kevlar  plies  in  the  doubled  end  bay  layup  t = . 16  inch 

erf 


bru 


F,  D.t  * 110, 000  x .25  x .16 
bru 


4400  lb. 


Bearing  in  0. 15  Attachment  Angle  (7075-T73) 


P,  = F.  D.t  = 134000  x .25  X .16  = 5360  1b. 
bru  bru  


Bearing  in  the  composite  web  is  critical 


M.S.  (bearing)  = 


bru 


1. 5(S) 
4400 


-1 


-1  = +0.40 


4.3 


1.5  x 2100 

COMPOSITE  TEST  SECTION  MANUFACTURING  COST  ANALYSIS 


The  objective  of  die  manufacturing  cost  analysis  task  was  to  establish  a manufacturing 
sequence  and  to  identify  and  estimate  all  items  of  cost  in  fabricating  two  3-meter 
composite  test  sections  conforming  to  Convair  drawing  number  72C0788  (Appendix  B). 
Throughout  the  design  process,  the  design  was  continually  reviewed  by  composite 
fabrication  and  tooling  experts  who  suggested  ways  of  making  the  test  section  lower 
cost.  These  suggestions  were  incorporated  into  the  design  whenever  possible  without 
compromising  the  structural  integrity  or  reliability  of  the  structure. 


4.3.1  CTS  MANUFACTURING  PLAN.  Following  design  completion,  a manufactur- 
ing sequence  and  flow  plan  (Figure  4. 11)  was  prepared  to  identify  the  major  manufactur- 
ing operations  and  tooling  required  to  build  the  composite  test  section.  Each  of  the 
major  operations  was  then  broken  down  into  detail  components  which  were  then  subjected 
to  a cost  analysis. 


Manufacturing  Ground  Rules  and  Assumptions 


1.  Assume  go-ahead  1 May  1977. 

2.  Manufacture  two  (2)  test  sections  per  Drawing  No.  72C0788. 


. i 


1 I 

If 
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3.  Assume  no  relocation  or  procurement  of  facilities  are  required. 

4.  The  aluminum  edge  members  will  be  purchased. 

5.  The  stainless  steel  hinge  lugs  will  be  purchased. 

6.  The  treadway  extrusions  will  be  GFE. 

7.  All  laminates  will  be  autoclave  cured  at  350°F  and  100  psi. 

8.  All  fastener  holes  will  be  hand  drilled  with  a drill  shell. 

4.3.2  CTS  TOOT. TNG  PLAN.  The  basic  tooling  plan  was  to  provide  minimum  tools 

for  the  fabrication  of  all  components.  Wherever  possible,  "soft"  tooling  was  to  be 
provided  to  fabricate  composite  detail  parts  and  shop  aids  would  be  used  for  machining 
metallic  parts. 

Tooling  Ground  Rules  and  Assumptions 


The  corrugated  web  will  be  laminated  on  a mold  capable  of  producing  two  parts 
per  layup. 

All  four  tension  caps  will  be  laminated  and  cured  at  one  time. 


3.  Tooling  will  be  provided  for  accurately  locating  the  titanium  interleaves. 

4.3.3  MANUFACTURING  COST  BREAKDOWN.  The  manufacturing  cost  break- 
down (Table  4-5)  presents  estimated  detail  part  fabrication  costs,  material  costs, 
tooling  costs,  and  assembly  costs  associated  with  the  fabrication  of  two  composite 
test  sections. 


Manufacturing 


Cost  Ground  Rules  and  Assumptions 


1. 


2. 

3. 


All  numbers  are  rough  order  of  magnitude  (ROM)  estimates. 

Tooling  material  dollars  are  based  on  $3. 50  per  tool  manufacturing  hour. 
All  manufacturing  labor  costs  are  based  on  $2  8/hr. 
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Table  4-5.  CTS  Manufacturing  Cost  Breakdown 
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CONCLUSIONS  j 

1.  Application  of  advf  need  composite  materials  can  substantially  reduce  the 
weight  of  the  Army's  Class  60  family  of  bridges. 

2.  While  the  use  of  composite  materials  projects  a substantial  unit  cost  for 
AVLBs,  the  savings  in  weight,  added  span,  etc. , can  make  this  a cost 
effective  method  of  bridge  module  construction.  Particular  attention  must 
be  payed  to  potential  cost  savings  design  refinements  and  material  develop- 
ments. 

3.  Composite  development  test  articles  demonstrated  large  safety  margins  while 
meeting  target  weights.  This  indicates  a high  degree  of  reliability. 

RE  COMMENDATIONS 

It  is  recommended  that  the  Army  sponsor  a subsequent  program  to  design,  fabricate, 

and  field  test  a 7-meter  composite  bridge  girder  module. 

It  is  recommended  that  a material  and  manufacturing  technology  study  be  sponsored 

by  the  Army  to  investigate  the  cost  reduction  potential  of  such  items  as: 

1.  Use  of  multiple  ply  broadgoods. 

2.  Automated  panel  layup. 

I 3.  Layup  and  cure  of  several  parts  concurrently. 

4.  Automated  drilling,  punching,  and  fastener  installation. 

5.  Automated  welding. 

6.  Use  of  precision  forgings. 

7.  Automated  final  assembly. 
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COMPOSITE  TEST  ARTICLE 
LOWER  TENSION  CAP 


Ultimate  strength  and  fatigue  analyses  for  the  lower  tension  cap  test  component  are 
presented  in  the  following  pages.  For  the  materials  considered,  yield  strength  is 
not  critical  with  the  exception  of  bearing  in  the  titanium  interleaf  reinforced  joint 
and  hence  with  this  exception  yield  analyses  are  not  given.  The  analyses  are  made 
for  the  maximum  cap  load  obtained  from  the  finite  element  analysis  of  the  overall 
bridge.  A fitting  factor  of  1.25  is  applied  in  the  analysis  of  the  interleaf  reinforced 
cap  ends  due  to  lack  of  test  data  for  large  joints  of  this  configuration. 

DESIGN  LOADS 

Maximum  lower  tension  cap  loads  at  mid  span  and  at  the  end  joints  of  the  composite 
section  from  the  overall  finite  element  model  of  the  bridge  are  as  follows: 


Location 

Design  Condition 

Cond.  No. 

P 

Mid  Span 
Joint 

70  T.  Wheeled  Vehicle  at  Mid  Span 

70  T.  Wheeled  Vehicle  at  Mid  Span 

10 

10 

198620# 

198395# 

The  lower  cap  test  component  is  designed  for  a limit  applied  load  of  200,000  lb. 


MECHANICAL  PROPERTIES 


T300/5208  "A"  Basis 

En  = 20.5xl06 
E22  = 1.47x  10® 

H = 0.3 
G = 7.5  x 105 
CnTU  = 8400  (i  in/ in 
*22™  = 7000  fiin/in 

Titanium  Sheet.  T1-6AL-4V  Annealed.  MIL-HDBK-5B 


F'pu  — 134  ksi 
= 126  ksi 
F^jy  = 132  ksi 
Fgu  = 79 1131 

FBRU 

e/D  = 1.5  = 197  ksi 
e/D  = 2.0  = 252  ksi 

FBRY 


e/D  = 

1.5  = 

171  ksi 

e/D  = 

2.0  = 

208  ksi 

E = 

16.  0 msi 

H * 

0.31 
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AISI.  4340  Steel  HT  = 200  KSI 


MIL  -HDBK-5B 


FTxj  = 200  ksi 
F = 176  ksi 


Fqy  = 181  ksi 
Fgu  = 120  ksi 


BRU 

e/D  = 1.5  - 272  ksi 
e/D  = 2.0  - 355  ksi 


BRY 

e/D  = 1.5  - 255  ksi 

e/D  = 2.0  - 280  ksi 

E = 29.0  msi 

H = 0. 32 


mmrHMI  imhmMMHIRMI 
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BASIC  CAP  SECTION 

The  basic  cap  section  is  8. 0 in.  by  0. 8 in.  as  illustrated.  The  layup  is 

[ o2/+  45/02/+  45/0  2 ] 4g  for  a total  of  80-10  mil  plies  of  T300/934  graphite  epoxy. 

The  analysis  is  for  the  maximum  flange  load  of  200, 000#  from  the  F.  E. 
analysis.  A stress  concentration  factor  of  2 is  applied  to  the  net  section  stresses 
at  the  1/4  in-  dia.  web-flange  attachment  holes. 

. yo.8*" 

Design  Load  (Condition10)  | f-” 

= 200,000#  Limit  — r r—i 


Stress  on  Net  Section 

200, 000 

"0.8  (8. 0-4X.  25 


= 35,  714  psi 


From  laminate  analysis  the  maximum  strain  in  the 
axial  (0°)  plies  is  2,627  n in/in. 

Allow  strain  «nTU  = 8, 180  u in/in 
CnAilow 


M.S.  = 


1.5  Kt 


1.5  x 2627  x 2.0 


- 1 = + 0.  038 


FATIGUE 


Based  on  available  fatigue  data  for  notched  [0  /+  45]  G/E,  the  expected  fatigue  life 
under  fatigue  cycling  at  a net  section  stress  of  35, 714  psi  is  greater  than  10 
cycles.  Hence,  the  basic  tension  cap  is  not  fatigue  critical. 


'r ••• .-. 


A2S  0/4 


Net  Tension  (Section  A-A) 


Where: 


Net  area  of  metallic  interlayers 
Net  area  of  continuous  G/E  laminate 


Tension  ultimate  of  metallic  interlayers 


134000  psi 


Tension  ultimate  of  continuous  G/E  layers 


172.200  psi 
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INTERLEAF  JOINT  ANALYSIS 


The  lower  cap  ends  are  reinforced  by  26  - .020  in.  thick  titanium  interleaves  in  the 
joint  areas  as  shown  in  Figure  1.  The  interleaves  replace  the  ± 45  plies  in  die  basic 
cap  and  reinforcing  doublers  leaving  the  axial  (0  ) plies  continuous.  The  interleaf 
joint  analysis  is  based  on  the  method  presented  in  the  AFML  Advanced  Composite 
Design  Guide  Ref.  1 . A fitting  factor  of  1.25  is  applied  to  the  cap  loads  in  the  joint 
area. 


Design  Load  - 200,000#  (Limit  ). 
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NET  TENSION  (Continued) 


= 0.4  L 26  x .02  (8.0  - 2.5)  (134000)  + .88  (8. 0-2. 5)  (172200)] 


.*.  M.S. 


486675# 

pTu 

Net 

(U.FKKpJP 


_ 486675 _ 

" 1 1.5  x 1.25  x 200,000 

= + 0.30 


BOLT  SHEAR  OUT 


Where: 


NSo  So  NSo  So 
<AM  ><FM>  + ‘AG/E><FRlb» 


Net  shearout  area  of  metallic  interlayers 


- (2e  - D)  t^/Bolt 

UQa 

a , = Net  shearout  area  of  continuous  G/E 

G/E 

layers  = (2e-D)  ‘G/E760*1 

/ 

c_ 

F =»  Shear  ultimate  or  metallic  interlayers 

M 

F , = Shearout  ultimate  of  G/E  layers 

G/E 

Neglecting  the  shea-rout  strength  of  the  unidirectional  G/E  material. 

pSo  =(2  x2  - 1.25)  (26  x . 02)  (79000) 

Net 

= 112970#/Bolt 


Assuming  60%  of  the  load  is  carried  by  the  end  bolt: 


200.000 


x 1.2  = 60,000# 


M.S  (shear  out) 


(U.F)(Kf)  P. 


112970  . 

— 1 = ' — 1 +0, 00 

1.5  x 1.25  x60,000  -* — 
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BEARING 


Where: 


. br  „ bru  . br  _ bru 
am  • fm  + AG/E  • fg/E 


Bearing  area  of  metallic  interlayers  = Dt^ 

Bearing  area  or  continuous  G/E  plies  = Dt^,^ 
Bearing  ultimate  of  metallic  interlayers 


= 197.000  psi 


Fq/e  = Bearing  ultimate  of  G/E  laminate. 

Neglecting  bearing  on  the  unidirectional  G/E  layers. 


1.2  x 26  x .02  x 197000  = 128050#/Bolt. 


Assuming  60%  of  the  load  is  carried  by  the  end  bolts. 
P = 200.000  x 1.2  * 60,000# 


M.S  (Bearing)  = - - ~ . - 1 = 128050 

(U-F->(VP  1.5  x 1.25  x 60.000 


-1  = +0.14 


BEARING  YIELD  ANALYSIS 


= 171000  (Ti  - 6 A1  - 4v  annealed  e/D  = 1.5) 

= 1.25  x 26  x .02  x 171000  = 111,150# 


M.S  (Bearing  yield)  = 111150 - 1 = + 0.11 

1.33  x 1.25  x 60.000 
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STEEL  END  FITTINGS 

Material:  4340  steel  H.T.  = 200  - 210  K.S.I. 

Design  Load  : 100,000  lb. /fitting 

h — 4.0 —\ 


T 


Z-So  gAa. 
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END  LUG  ANALYSIS 

The  lug  analysis  is  based  on  the  method  given  in  the  G.D.  Fort  Worth  Structures 
Manual. 


1.  TENSION  ON  NET  SECTION 


= K . <r  TT  . A 
TU  T 


w 


2 x 2.5 


= 0.35 


.88  x 200,000  x 3.18 
558835  lb 

558835  _ 

1.5  x 100,000 

+ 2.73 


= .98  (5.0  - 1.76) 
= 3.18  in2 


2.  LUG  YIELD  LOAD 


= 1.43 


*SiY  ABR  ^TY 


= 1.4 


1.4  (1.75  x .98)  175000  = 420175  lb. 


M.S. 


-1  = +2.16 


i 
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LUG  ANALYSIS  (Continued) 

3.  Shear  tearout,  bearing,  hoop  tension  analysis 


= 1.43 


D/t  - ^ " 1-79 


• V 


= 1.4 


*SlR  * aTU  ' ABR 


= 1.4  x 200,000  (1.76  x .98)  = 492800  1b. 
PBRU  , 492800 

■'  M,S*  “ 1.5  P ~1  ~ 1.5  x 100.000  ~ + ‘ 


I /'° 
1 1 


Axial  tension  load  = 100,000# 


Area  = .45  (8.0  - 2.50)  + 1.0  (.98  - .45) 


Jl 


-A% 


■f  ‘9^" 


/'Z< 


Tension  stress  on  Section 

100.000  . 

ft  = = 33278  psi 

FTU  (4340  steel>  = 200,000  psi 

• „ c 1™  , _ 200.000  , 

" * * ~ 1.5.f.  ~ 1.5  x 33778  ~ + 3,0 


BEARING  AT  ATTACHMENT  HOLES 


Bearing  stress  f 


br  Dt 


Assuming  a peaking  factor  of  1.2 

100,000 

Max.  Bolt  shear  = 1 xl.2  = 30.000# 

4 ■ 


••  ‘br 


30.000 
1.25  x .45 


= 53333  psi 
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e/D 


= 2.0 

1.25 


= 1.6 


F = 272  ksi 

BRY 


BRU 


= 255  ksi 


M.S.  = 


BRU 


1.5 


<v  - 


1 = 


272000 


1.5  x 53333 


- 1 = + 2.4 


FATIGUE  ANALYSIS 


The  lower  tension  cap  test  component  is  designed  to  develop  the  ultimate  test  load 
after  fatigue  cycling  for  15,000  cycles  at  limit  load. 


SECTION  A-A 

The  peak  stresses  at  the  bolt  holes  at  section  A-A  are  evaluated  by  superimposing 
the  peak  stresses  due  to  the  stress  transmitted  across  the  holes  and  the  bearing 
stress  at  the  attachment  holes.  Elastic  stress  concentration  factors  obtained  from 
"Stress  Concentration  Design  Factors"  by  Peterson  are  used. 


Assuming  50%  of  time  loss  on  Section  A-A  is  transmitted  to  the  2nd  pair  of  bolts. 


f 


33278 

2 


16639 


From  Peterson  Fig.  69  with  “ = .31 


K = 2.35 
T 

Again  assuming  equal  loads  on  all  bolts: 
P 

^br  N.D.t. 

From  Peterson  Fig.  83 


100.000 

4 x 1.25  x .45 


with  — = .31 


“bR  = ^ 

” fMAX  = f"KT  = fbr  KBR 


= 16639  x 2.35  =44444  x 1.54  = 107546  psi 


107546  psi.  The 


From  S-N  curve  for  unnotched  200  - 4S40  steel  with  f 

expected  fatigue  life  N cycles  > 10  ‘ . 

. _ . n 15000  „ „ 


MAX 


Section  is  satisfactory  for  fatigue 


BOLTS  - END  FITTING  TO  CAP 


Eid  fittings  are  attached  to  reinforced  ends  of  cap  by  4 - 1 1/4  inc.  dia 
bolts  in  double  shear. 


Design  load  on  joint  = 200,000#  (Limit) 


x 1.2  = 60000# 


Maximum  bolt  load 


Double  shear  strength  of  1 1/4  in.  dia. , 125  KSI  bolt 


92000  x 2 = 184000  lb 


184000 


1.5  X 1.25  x 60000 
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CORRUGATED  PANEL  - TEST  COMPONENT 
STRUCTURAL  ANALYSIS 

The  test  panel  shown  in  Figure  2 represents  a typical  portion  of  the  proposed 
corrugated  shear  webs  away  from  the  reinforced  end  bays.  The  edge  members  and 
joints  are  representative  of  the  proposed  method  of  attachment  to  the  bridge  deck. 
The  specimen  is  analyzed  for  strength  and  stability  under  the  maximum  local  trans- 
verse edge  loading  arising  from  the  critical  maximum  single  wheel  loading  condition. 

DESIGN  LOADS 


The  maximum  edgewise  compression  load  intensity  on  the  deck  support  webs  is 
given  by  the  maximum  single  wheel  load  condition  (20000  x 1.15  = 23000  lb)  with  the 
outer  edge  of  the  wheel  located  at  the  extreme  edge  of  the  bridge  deck  as  shown. 


For  this  condition  the  maximum  load 
intensity  (tu)  in  the  critical  webs  = 
525  #/in.  (limit). 


j 

MATERIAL  PROPERTIES 

The  web  laminate  is  comprised  of  .08  in.  Lo  /±45g]s  T300/734  graphite  epoxy 
with  outer  plies  of  . 01  in.  thick  181  Kevlar  fabric  atS45°.  The  mechanical  properties 
used  for  the  G/E  are  'A'  oasis  properties  developed  for  T300/5208.  The  181  Kevlar 
properties  are  from  the  Dupon  Kevlar  Data  Manual. 

LAMINA  PROPERTIES 

Properly  T330/5208  181  Kevlar 

Design  Ultimate  Design  Ultimate 

Stress  (KSI)  4 in/in  Stress  (KSI)  4 in/in 


Tension 


Long. 

171.9 

8400 

73.0 

Trans. 

4.77 

7000 

Compression 

• 

Long. 

188.57 

9200 

21.0 

Trans. 

13.54 

9200 

Shear 

7.86 

15000 

16.0 

Elastic  Constants 

E.  Long.  20.5  msi 

E.  Trans  1.47  msi 

/LX  • 3 

G 0.52  msi 

■IATERIAL  PROPERTIES  (Continued) 

l hr  mechanical  properties  for  [ 0 / ±45]  G/E  laminate  with  .01  181  Kevlar  outer 
plies  derived  from  the  foregoing  lamina  properties  using  GD/Convair's  laminate 
analysis  program  are  as  follows: 


4.0  msi 
4.0  msi 
.12 

0.30  msi 


Elastic  Constants 

6 

E = 5.96x10  psi 

x 

6 

E = 3.29  x 10  psi 

y 

4 = 0.74 

6 

G = 3.69  x 10  psi 
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Bending  Stiffness  Matrix 


447.92 


D 


272.3 

358.53 


-40.701 

-40.701 

277.76 


Ultimate  Allowables 


50120  psi 


23000  psi 


54890  psi 


30260  psi 


51660  psi 


Lamlnte  Strength  Analysis 


Basic  Laminate 


Transverse  compression,  loading  N = -525  #/in. 

-525 

<7  = —•  = = -5250  psi 


Fou  = 54890  psi  (Ref‘  Pg*  3) 

• o 54890 

..  M.S.  - 1-5  x 5250  - 1 ~ + 5-97 


Net  Section  at  Bolted  Joints 

Bolted  joint  tests  of  G/E  laminates  with  small  diameter  bolt  holes  exhibit 
ultimate  stress  concentration  factors  of  approximately  1.5.  Conservatively 
assuming  K^,  = 2.0  and  a net  section  factor  = 0.75  at  the  joints.  The 
margin  of  safety  at  the  net  section  is  given  by: 


M.S.  = 


K F_ 
n Tu 

.75  x 54890 
2.0  x 5250 


-1  = +2.92 
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PLATE  BUCKLING  ANALYSIS 

The  4. 0 in.  wide  panels  at  the  crown  or  the  corrugations  are  critical.  The  panels 
are  treated  as  long  simply  supported  orthotropic  plates. 

The  critical  axial  compression  loading  is  given  by: 

'/d11d22  + d12  +2  D6e) 

v/447.92  x 358.53  + 277.3  + 2 x 277.76 

My 

= 1516  #/in.  (F  = en  = 1516O  psi) 

' en 


The  applied  load  intensity  = M = 525  #/in. 


N. 


xen 


M.  S = 


-1  _ 1516 


1.5N 


1. 5 x 525 


-1  = +0.93 


PANEL  EDGES 


The  panel  edges  are  treated  as  long  simply 
supported  plates  with  one  long  edge  free. 

The  critical  axial  compression  loading  is 
given  by: 


12D66  = 12  x 277,76 

~ b2  1.22 


= 2315  #/in. 


N„ 


M.S.  = 


'en 


1. 5N„ 


-1  = 


2315 


1.5  x 525 


-1  = +1.94 
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Max.  Stress  = 


-17325  1040.5  (2.0-1.06) 


2.515 


1.615 


= 7494  psi 


15160 

Allow  Fc  = Fcr  = 15160  psi  ..M.S.  = ?4g4  -1  = +1.02 


CORRUGATED  EDGE  MEMBER 

Edge  loading  (Ny)  on  the  panel  is  assumed  concentrated 
at  the  direct  load  path  provided  by  the  45°  web  of 
the  corrugation.  These  webs  are  at  6. 0°  spacing. 

Ref.  Figure  2. 

Load/Web 

“ 6 Ny  ' 

= 6 x 788 

= 4728  lb.  Ultimate  F" 

An  effective  length  of  -.  75  In.  at  Section  A-A  — J. 
is  assumed.  | 


fc  = 4728 

. 75  x . 15 


= 42027  psi 

Fgy  (7005  - T53)  = 45000  psi 


■■  M-s-  ‘ 55?  -1  ’ ^ 


Y-  Y 
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EDGE  MEMBER  ATTACHMENTS 


The  0. 16  In.  7005  AL  edge  member  is  attached  by  3/16  In.  dia.  titanium  cherry 
buck  rivets  as  shown. 

Assuming  a 1.2  peaking  factor,  the  maximum  load/attachment(s)  is: 

o _ 1*2.  ^Max.  b.t.  _ 1. 2 x 7494  x 4.  0 x 1.  0 
S n " 6 

= 599.5# 

FASTENING  SHEAR 

Single  shear  strength  3/16"  dia.  Ti.  Cherry  Buck 
- 2600# 

Bearing  in  7005  Al.  Web 

PBCU  = FBCU  D,t*  = 

BEARING  IN  G/E  WEB 

For  bearing  in  the  composite  web,  the  strength  of  the  outer  Kevlar  plies  is 

neglected  F__TT  for  (0„/+45)  G/E  = 110,  OOOpsi. 

BCu  * 

”PBRU  = FBRU  D,t  = 110»000  *-1875  x-08 

= 1650# 

M-s-  - Hi  -1  ■ 
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Drawing  Number  72C0788 
Composite  Test  Section  (CTS)  - 
Armored  Vehicle  Launched  Bridge 
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GENERAL  DYNAMICS/CONVAIR  SAN  DIEGO  CALIF  e/6  13/13 
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